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The natural toxins, okadaic acid (OA) and derivatives of dinophysistoxin (DTX), 
have been confmned as products of several species of dinoflagellates, 
Dinopllysis species and benthic Prorocentrum species. Dinophysis spp. are 
recognized as causatives of diarrhetic shellfish poisoning (DSP) and benthic 
Prorocentrum spp. are discussed with relation to fish poisoning caused by toxic 
benthic dinoflagellates . Because growth physiologies of these dinoflagellates 
have not been adequately documented, the meehanisms of their occurrence are 
not finly understood. In the present study, their field occurrences were 
observed frrst and their growth characters assumed by the field results were tried 
to be confirmed in the subsequent experirnents. New insight on the 
mechanisms of their toxin production was also described. 
Part I. Studies on benthic Prorocentrum species 
1. Distributions of benthic dinoflagellates in AkaJ7ma Island, Okinawa Japan 
Prorocentrum species occupied a high percentage among appeared benthic 
dinoflagellates on surfaces of examined macroalgae. P. Iima was especially 
most abundant with maximum density of 236 cell･g~1 of alga on Sargassum sp. 
Densities of P sculptile, P. concavum and P emarginatum were also high next to 
P Iima. Gambierdiscus toxicus known as a main causative of ciguatera was 
rather low in the mean density (6.7 cells'g~1 of alga). 
2. Growth Physiology of Prorocentrum species isolatedfrom Akajima Island 
Culture experiments were conducted on four dominant Prorocentrum spp. from 
Akajima Island. Prior to the experiments, new type of fluorometer 
(inte grating- sphere- fluorometer) was developed to monitor the growih of 
cultured benthic microalgae. Their optimum growths were observed between 
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160-230 uE･m~ 'sec~ and 26-3 1 'C for light and temperature experiments 
respectively. Some of macroalgal exudates promoted their growihs 
dramatically, but some inhibited on the contrary. 
3. Toxin analysis offour benthic Prorocentrum species isolatedfrom Akajima 
Islan d 
Productions of DSP- toxins were tested on the cultures of P Iima, P. sculptile, P. 
emarginatum and a variety ofP. Iima isolated from Akajima Island. HPLC 
analysis showed P lima produce OA and DTX- I . Strong reactions were 
observed in erude extracts of P emarginatum and a variety of P. Iima by using 
ELISA with anti-OA antibody. lrL TLC anaiysis, production of large amount of 
diolester, one of a derivative of OA, by a variety of P Iima was suggested,. 
4. Occurrence of okadaic acidproducing P. Iima in Sanriku coast, northern 
Japan 
Not only in tropical and subtropical region, P Iima is known to distribute boreal 
area. Ih this study, it was also found at the Sanriku coast, northem Japan. 
Chemical analysis of cultured cells revealed that Sanriku strains of P. lima 
produce OA. The Sanriku strain grew well at 1 5 ~C at which tropical strains do 
not grow, indicating that it is a local strain which adapts to cold envirouments. 
From the results of I and 2, dense occurrences of benthic Prorocentrum were 
observed in Akaj ima Island. They grew well in rather high temperature, and 
the light regime corresponding to that of c. a. 30- m depth in Okinawa region. 
The effects of the macroalgal exudates on the growths ofthese Prorocentrum 
were different in the macroalgal species. However, because the dense 
adhesions of Prorocentrum were also observed on the macroalga which did not 
provide positive effects on their growihs, benefits of their adhesion to the host 
macroalgae are considered not only for acquisition of growih promoting 
substances, but also for physical protection from high light in shallow water. 
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Toxin productions were confinned in the strain of P Jima and suspected in P 
emarginatum and a variety ofP Iima. Because they densely appeared, it is 
suspected that they implicate some poisonings in this region. In an aim of 
prevention of the poisoning, coral reef disruption that increase the surface 
available for macroaigal growih should be eliminated. 
The fmding oftoxic P lima in Sanriku coast is a flfst case of the 
occurrence of DSP- toxin producer other than Dinophysis spp. in DSP affected 
area in Japan, Not only to the fish poisoning, implication ofP. lima to DSP 
should aiso be estimated. 
Part II Studies on Dinophysis species 
1. Recent Occurrence of Dinophysis fortii in Okkirai Bay. Sanriku, northern 
Japan, and related en viron mental factors 
The surveys were conducted in 1995, 1996, 1998 and 1999. Major occurrence 
of D. fortii was detected from the late May or early June and continued until late 
June or early July. Re sults of seawater temp erature, s alinity and nutrients 
measurement suggested that D, fortii is introduced from offshore water to the 
bay by intemal tidal waves. D. fortii occurred simultaneously with phycobilin 
containing microalgae, synechococcoid cyanobacteria and cryptomona~ in 
every year. D. fortii sometimes occurred in inshore water that showed elevated 
ammonium levels possibly due to the activities of heterotrophic organisms. 
2. Growth Physiology of D. fortii 
From the measurements of in vivo fluorescence spectra and transmission 
electron microscopic (TEM) observations, D. fortii was revealed to possess 
phycoerythrin and plastid being typical to cryptomonad. D, fortii was also 
confirrned to photosynthesize occasionally in high rate (213 pg C･cell~1. h~1) by 
14C method. However, extraordinary variations in the content of the pigment, 
the morphology of the plastid and the rate of photosynthesis were observed. 
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From these, it was assumed that the plastid was not genuine product within D. 
fortii cell. In another experiment, D. fortii took up FITC-1abeled 
synechococcoid cyanobacteria and isotope labeled cryptomonad. Judging from 
these results, D. fortii was suspected to acquire plastids by an uptake of other 
phycobilin-containing microaigae. To clarify the behavior, D. fortii was 
incubated together with cryptomonad or cyanobacteria~ and the change of the 
plastid morphology and photosynthesis were observed. The plastid contents of 
D. fortit cells incubated with cryptomonad or cyanobacteria significantly 
increased, and acquisitions of phycobilin from the cyanobacteria or 
cryptomonad were confinned by irnmuno - histochemically us ing 
anti-phycoerythrin antibodies. In spite that D. fortii had no photosynthetic 
activity prior to the incubation, it gained the activity after the incubation with the 
microalgae, Not only phototrophy, but evidence of phagotrophical nutrition 
with food vacuoles, were found in D, fortii cells under TEM observation. 
3. Toxin production ofDinophysis sppe 
Monitoring for the content of OA and DTX-1 in the scallop and the cells of 
Dinophysis spp. by HPLC and ELISA was conducted in Ofunato Bay. The 
toxin contents of the scallop and Dinophysis cells varied over a short period. 
No toxin was sometimes detected in the cells of Dinophysis in HPLC, but 
considerable amounts of OA was detected in the same samples by the ELISA. 
This indicated that they possess an unknown OA-related compound which reacts 
with the OA antibody, ~nuno-localization of OA-related substances was 
tried on Dinophysis spp, and P. Iima using anti-OA antibody. Significant 
labeling were observed witbin the cyioplasm of all Dinophysis, and within the 
unknown globule attached to the plastid of P. Iima. Because all of lipid-soluble 
OA and DTXS free in the cyioplasm were assumed to leak outside of the cell 
during the dehydration process of sample preparation, it was suspected that 
Dinophysis spp. process some OA related compound that could be fixed by 
aldehyde or that biding to cyioskeleton. 
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From the results of I and 2, following growih mechanism of D. fortii in 
the field is presumed; D. fortii takes up cryptomonad and cyanobacteria in 
offshore water and utilizes them for photosynthesis. Some of the D. fortii cells 
afier introduced into the bay by the intemal waves retain in the bay, and 
switches its nutrition mode to heterotrophy and preys on other organism. For 
toxin production mechanism, unknown compound that relate to DSP-toxin 
production was confirmed in the cells of Dinop/lysis spp. and P Iima. The 
mechanism of the toxin production is possibly different between Dinophysis spp. 
and P lima because the compound existed in the different sites among them, 
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General Introduction 
The toxic compounds, okadaic acid (OA), dinophysistoxin- I (DTX- l), DTX-2 
and DTX-3 have been associated with diahhretic shellfish poisoning (DSP) 
(Murataetal. 1982; Hu eta/. 1992;Yasumoto etal. 1985; 1989; 1990;)･ They 
are lipid- soluble long chain compounds containing trans-filsed or spiro-linked 
cyclic polyether rings. These toxins have been shown to be potent phosphatase 
inhibitors (Bialojan and Takai 1988) and this property is linked to inflammation 
of the intestinal tract and diarrhea (Cohen et aJ, 1990; Hamano et a/. 1986; Terao 
et al. 1 986). Poisoning by these toxins is rare fatal but they have been known 
as strong tumor promoters (Suganuma et al. 1988). OA and DTX were frrst 
detected fiiom a dinoflagellate, Dinop;ipsisfortii (Yasumoto et a/. 1 980) and 
followed by subsequent finding in other dinoflagellates including various 
species ofDinophysis (Lee et al., 1989) and benthic species of Prorocentrum 
(Murakami et al., 1982; Tindall et al., 1984; 1989; Dickey et a/., 1990; Aikman 
et al., 1993). 
Benthic species of Prorocentrum have epiphyiism on the surface of 
macroalgae. They distribute widely and densely in tropical and subtropical 
regions. A seafood poisoning resulted from consurDjng toxic finfish or snails 
in tropical and subtropical regions is called "ciguatera" and is know to be caused 
by toxic benthic dinoflagellate. The causative toxins of the benthic 
dinoflagellates are transferred via food web to human. Main causative of tbis 
poisoning is Gambierdiscus toxicus, and term of "ciguatera" is, in a strict sense, 
used for pointing a poisoning caused by its producing toxins, ciguatoxin (CTX) 
and maitotoxin (MTX). However, the coral reef food web contains several 
potent toxins which originate in an assemblage of other benthic dinoflagellates 
including Ostreopsis, Prorocentrum and Amphidinium (Tindall and Morton, 
1998) other than G. toxicus. Complex symptoms of ciguatera are assumed to 
be derived ~rom these minor toxins. Among the benthic dinoflagellates, 
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species of Prorocentrum occur widely and densely (Bagnis et al. 1 985; Carlson 
and Tidall 1985; Bomber et al. 1989). In Okinawa, Japan, occurrence of 
benthic Prorocentrum accounted for more than 50 o/o of total appeared 
dinoflagellates in the benthic community (Koike et a/. 1991). Because most of 
them are known to produce DSP- toxins, they should contribute some of the 
symptoms of the poisoning caused by ingestion of finfish or snail in these 
regions. However, the research focus was set mamly on G. toxicus and there 
are still scantly knowledge on ecophysiology of t+*~:ese Prorocentrum. 
Other OA and DTX producers are belonging to genus Dinoplipsis. 
These dinoflagellates are responsible for diarrhet;^e shellfish poisoning (DSP). 
So far, four kinds of shellfish poisonings are known; paralyiic shellfish 
poisoning (PSP), DSP, amnesic shellfish poisonir,g (ASP) and neurotoxic 
shellfish poisoning (NSP). Among them, frst two poisonings account for most 
ofthe reported incidences in many areas, also in Japan. PSP is sometimes fatal 
because of action of the causative toxin as a sodi~*'m- channel blocker on the 
nerve system. Now toxicological, physiologicai and ecological information on 
the PSP causative dinoflagellates are accumulating from intensive studies on 
culture strains. But the situation on DSP is more severe. Although fatal case 
on DSP is very rare, it occurs in offshore region ~nd thus affect along the coastal 
lines, so the economic impact by DSP tend to spread in wide areas and last for a 
long period. Therefore, the control oftoxic shel~fish handling encounter much 
more difflculties than the case of PSP. Moreover, growth physiology of DSP 
causative, Dinophysis spp., remains poorly understood, mostly because of 
failure to culture any ofthese species. Collecticg enough level ofwild cell for 
research purpose is also difficult for their relative scarcity. Therefore, research 
has focused on mechanisms allowing the species to increase in cell 
concentration in natural assemblage. Many field surveys have been co*nducted 
in various coastal areas affected with DSP. Stil] , no answer has been obtained 
for the mechanism and resulted in unsuccess of culturing as ever. 
In consequence, DSP-toxin producing dir.oflagellates occur worldwide, 
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ftom tropical coral reef to cold offshore water, and their toxins surely impact on 
the utilization of food resource from ocean. Understanding for their 
ecophysiology is defmitely required in now and the feature, 
I here present my study results on benthic Prorocentrum (Part l) and 
Dinopllysis spp, mainly D. fortii which is main causative in Japan (Part II). 
Main focus is on their growih physiology and strategy. Another important 
study, research on the toxin production mechanism, is indispensable for 
understanding the outbreak of these poisoning. Because no culture materials of 
Dinophysis have been available, this kind of study has been conducted on only 
Prorocentrum cell. But the application of the results obtained from 
Prorocentrum cell to Dinopllysis would be limited because of the total 
differences of the cell physiology such as the architecture and nutrition. In this 
study, preliminary results on the DSP-toxin productions on both Prorocentrum 
and Dinophysis are also described, 
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Part I. 
Studies on benthic Prorocentrum species 
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1. Introduction 
"Ciguatera" is a food poisoning caused by ingestion of tropical and subtropical 
fishes and snails. in Japan, 379 incidences were reported during a period from 
1949 to 1980 (Yasumoto et al., 1984) but the actual number should be much 
more than it is because there is a tendency for the peoples in the ciguatera 
out-breaking regions such as Satunan and Ryukyu Islands to not report ciguatera 
poisoning (Hashimoto 1977). 
Yasumoto et aJ, frrst identified the causative toxins of ciguatere~ 
ciguatoxin (CTX) and maitotoxin CMTX), from dinoflagellate Gambierdiscus 
toxicus(Yasumoto et a/. , 1 977), and clarified the mechanism of the toxication; 
the toxins are originated from benthic dinoflagellate and transported to human 
via the food chain (Yasumoto et a/., 1977; 1987). Since then, this species is 
recognized as a main causative for ciguatera~ and many distributional surveys of 
the species have been conducted so far (Yasumoto et al., 1980; Carlson and 
Tindall, 1985; Gillespie et aJ., 1985; Bomber et aJ., 1989), but the examination 
in Japan has been carried out only once around Okinawa Island and Ishigaki 
Island so far (Yasumoto et al. , 1 984). Ih the following sections, the distribution 
ofbenthic dinoflagellates at Kerama Islands, Okinawe~ Japan is reported.. 
With spreading of intensive field surveys on various regions for ciguatera, 
it has been cleared that benthic Prorocentrum species are abundant in most of 
the conununity and variety of the species including many new species exist. 
Some of them were examined for toxin analysis and most of the examimed 
species are revealed to be toxic (Nakajima et al., 1981). Until now, a nunibers 
of benthic Prorocentrum spp. have been now confirmed to produce DSP toxins, 
such as okadaic acid (OA) and several derivatives of dinophysistoxin (DTX) 
(Murakami et al., 1982; Tindall et a/., 1984; 1989; Dickey et al., 1990; Aikman 
et al., 1993). 
Importance of research on benthic Prorocentrum species is expanding 
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because of high percentage fmding of toxic species among tested species, and 
because they compose major part ofthe benthic community. Although 
ciguatera is a poisoning caused by the toxins produced by G. toxicus in a strict 
sense, these toxic benthic Prorocentrum surely contribute some of the symptoms 
of ciguatera, such as diarrhea, with their DSP toxins. 
From the results of survey on benthic dinoflagellates in Akaj ima Island, 
major occurrence of Prorocentrum lima, DSP toxin producer, was found. 
Consequently, growih physiology of P, Iima and other co-occurring 
Prorocentrum species isolated ffom this region were examined, and toxin 
productions of these Prorocentrum were fiuther confinned. These results 
should provide valuable information for understanding fish poisoning occurring 
this region. Prior to the experiment, new type of a device for m.onitoring the 
growth of benthic microalgae was developed. This is aiso included in the 
following section. 
Addition to the studies on benthic Prorocentrum of tropical region, 
studies on P. Iima in temperate or cold regions was conducted. In spite that P 
lima is a cosmopolitan species and confirmed to produce DSP causative toxins, 
it has not been considered to be associated with DSP. Seemingly, it is due to 
the fact that there is a lack of kuowledge on the distribution of this species in 
colder or temperate waters where DSP toxins are often detected in the shellfish. 
However, DSP toxin-producing P, Iima has recently been found in the net 
hauling samples collected at the cold water region of Nova Scotia, Canada, and 
is suspected to be involved in DSP toxins in the shellfish (Marr et al., 1992). 
In Spamj P Jima is also believed to be a source of DSP toxins in bivalves, and 
shellfish harvesting is restricted when this species is assumed to be present 
(Shumway, 1990). Sanriku coast, northem Japan is affected by sever DSP. 
The "main" causative of this shellfish poisoning in this area was evidently 
Dinophysis spp . Though, no study was conducted for the possible contribution 
of P. Iima to the shellfish poisoning after the reports of Canada and Spain so far. 
I report here that OA-producing P. Iima occurs on the Sanriku coast where DSP 
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toxins are often detected in the shellfish. 
Some sections of this part were aiready published as following, and the rest of 
the content wm be published soon. 
(Section 2) Koike, K., T. Ishimam, and M. Murano (1991): Distributions of 
benthic dinoflagellates in Akajima Islan~L Okinawa~ Japan. Nippon 
Suisan Gakkoishi, 57, 226 1-2264. 
(Section 3.1) Koike, K., T. Ishimaru and M. Murano (1994) A snnple 
integrating-sphere fluorometer for monitoring the growrh o f benthic 
microalgae. La Mer, 32, 45-50. 
(Section 5) Koike, K., S. Sato M Yamajl Y Nagahama~ Y Kotakl T Ogata 
and M. Kodama (1998): Occurrence of okadaic acid producing 
Prorocentrum lima on the Sanriku coast, nonhem Japan. Toxicon, 36, 
2039-2042, 
*submitted article: 
(Section 3.2) Koike, K. and T Ishimaru: Effects of temperature, Iight and 
exudate of macroalgae on growih of four benthic Prorocentrum 
species. (submitted to La Mer at November 25, 1999). 
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2. Distributions of benthic dinoflagellates in 
Akajima Island, Okinawa, Japan 
"Ciguatera" has been one of the serious problems on public health in the tropical 
and subtropical regions. This poisoning is caused by ingestion oftoxic finfish, 
and the toxins are originated from several kinds of benthic dinoflagellates and 
transported to human through the food chain (Yasumoto et al. , 1 977; 1 987; 
Nakajima et al., 1 981). 
In Japan, 379 incidences were reported during a period from 1 949 to 
1 980 (Yasumoto et al., 1 984) but the actuai number should be much more than it 
is because there is a tendency for the peoples in the ciguatera out-breaking 
regions such as Satunan and Ryukyu Islands to not report ciguatera poisoning 
(Hashimoto 1977). 
For the prediction of ciguatera poisoning, examinations on the 
distribution and density of several kinds of toxic benthic dinoflagellates, 
especialiy Gambierdiscus toxicus, are helpful (Yasumoto et a/., 1 980) but the 
examination has been carried out only once around Okinawa Island and Ishigaki 
Island so far (Yasumoto et al., 1984). 
In this section, the distribution of benthic dinoflagellates at Kerama 
Islands, Okinawa~ Japan is reported. . 
Materials and methods 
Stndy site ard collection ofalgae 
A11 the samples were collected during 28 May and I June, 1 989, at 5 stations 
around Akaj ima Island, I station around Fnkaj i Island and I station around 
Ohjima Island (Fig. 1). 
Algae which were abundantly glowing on shallow bottom (2-lOm depth) 
were taken as the hosts of benthic dinoflagellates by scuba- diving. After each 
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alga was put into a plastic bottle underwater, this was carefully sealed and 
brou~ht back to Akajima Marine Science Laboratory (AMSL). 
Sampling and cell-counting procedure 
Collected alga (about 50-100g in wet weight) was put into a IL-plastic bottle 
with filtered sea water and shaken vigorously for I -2 minutes. The suspension 
was filtered serially through sieves of 250um, 125um and 20um meshes. The 
residue retained on the 20um sieve was transferred to a bottle and preserved in 
50/0 fonnalin seawater as a sample for the examination. Dinoflagellates were 
not found in the residue on the 125 um sieve. 
Benthic dinoflagellates by species were counted for I /100 of the sample 
under a light microscope. The alga removed epiphyies was weighed as a wet 
weight aiter removal of water on the algal surface with paper towel. The 
abundance of each species is represented as cell numbers per lg of alga. 
In our published version of this part (Koike et al. 1991), identification of 
the species was based on a description by Fukuyo (1981). At this time, two 
different species which could be adapted to the description ofP emarginatum by 
Fukuyo occurred, so we put name P. emarginatum on one which more resembled 
to Fukuyo's P. emarginatum (Fig. 9. in Fukuyo, 1981) in the cell outline, and 
Prorocentrum sp. on the another. Then Faust made re-description on P 
emarginatum (Faust, 1 990) and listed a new species, P sculptile (Faust, 1 994) 
on basis of electron microscopic observation. P sculptile and P emarginatum 
described by her are exactly adapted to P emarginatum and Prorocentrum sp. in 
our previous report, respectively. To elinrlnate confilsion, we now use Faust' 
description in this and subsequent studies. Thus, P emarginatum and 
Prorocentrum sp in our published version should be renamed to P sculptiJe and 
P emarginatum respectively. Nothing was changed on other species. 
14 
Results and discussions 
Fig. 2 shows cell densities of benthic dinoflagellates by locations and algal 
species, and Table I shows the mean densities of each species appeared. 
Prorocentrum species were much abundant than others, and occupied 
more than 50 o/o in all the samples but one from Turbinaria ornata collected at 
Fukaji Island. Prorocentrum lima, known to produce okadaic acid (Murakami 
et al., 1982) was found from all of the samples, and was the most abundant 
among the dinoflagellates appearing . Judging from the fact that P Iima 
occupied more than 50 o/o of the total dinoflagellate cells counted on Turbinaria 
ornata collected at Agonohama and on Sargassum sp. at Hizushihama, Kusibaru, 
tbis species prefers the algae ofthe family Sargassaceae for substrates. P 
sculptile was also observed in high densities next to P Iima, although toxicity of 
this specie has not been reported yet. P concavum was the third specie in 
abundance next to P. Iima and P. sculptile. In the sample collected from 
Dice/opteris undulata at Ohjima Island, Prorocentrum emarginatum was 
observed for single species at a highest density through this examination. 
Generaily, densities of Ostreopsis, Coolia monotis and Gambierdiscus 
toxicus were rather low when compared with Prorocentrum species. In 
particular the mean density of G. toxicus (6.7 cells'g~1 of alga) was the lowest 
among dinoflagellates appeared. G. toxicus has been known as the most toxic 
benthic dinoflagellate which produce two main ciguatera toxins, ciguatoxin and 
maitotoxin (Yasumoto et al., 1 977). Therefore, an attention must be paid to its 
occurrence even if the density is low. The samples collected from Codium 
intricatum at Nishihama and Galexaura sp . at Majanohama contain rather high 
density of G. toxicus, 30.8 and 5 1 .O cells'g~lof alga, respectively. At 
Maj anoham~~ two species of algae, Actinatrichiafragilis and Galaxaura sp. 
were collected. The latter alga shows the highest density of G. toxicus as 
mentioned above, and fUrthermore, both aigae were adhered by high numbers of 
benthic dinoflagellates than the others. The densities of all Prorocentrum 
species except P emarginatum were more than 80 cells'g~lof alg~~ followed by G. 
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toxicus. Many workers documented that destruction of coral surface such as 
dredging and typhoon flooding would be followed by an increase of toxicity 
(Anderson and Lobel, 1987). These high adhesions oftoxic dinoflagellates 
may have resulted from the dredge work for the construction of a bridge at 
Maj anohama. 
Comparing our results with other regions, although the highest density of 
Gambierdiscus toxicus in study (5 1 .O cells'g~1 aiga) was much lower than that of 
Florida (2279 cells'g~1 ofalga) (Bomber et a/., 1989). Virgin Islands (75,793 
cells/g of alga) (Carlson and Tindall, 1985), Gambier Islands (5,521,000 cells/g 
of aiga) (Yasumoto et al. , 1 980), Queens Land (2 1 80 cells/g of alga) (Gillespie 
et al. , 1985), this density was about thousand times higher than those examined 
at Okinawa Island and Ishigaki Island (Yasurnoto et al. , 1 984). The highest 
densities P lima. P mexicanum and P concavum were although lower than those 
of Florida (Bomber et al., 1989) and Virgin Islands (Carlson and Tindall, 1 985) 
whereas the occurrence of P. sculptile which in next dominant to P. Iima in this 
study was not only reported from other regions . 
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Table I . The mean densities of appearing benthic dinoflagellates 
S pecies Mean density (cells'g~1 of alga) 
Prorocentrum lima 
mexicanum 
sculptile (former emarginatum) 
concavum 
















































Fig. I . Map of sampling locations (star marks). Solid crrcle rs AkaJlma Marme 
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3. Growth physiology of Prorocentrum species 
isolated from Okinawa 
3 . I . A simple integrating-sphere-fluorometer for 
monitoring the growih of benthic microalgae. 
The ratio of chlorophyll a fluorescence intensity of intact plant cells (referred to 
as in vivo fluorescence) to the unit amount of chlorophyll a varies among algal 
species and with the physiologicai state of the cells (Ishimaru et al., 1985). 
However, this ratio is constant during logarithmic growth phase of a clonal 
culture, because the physiological state of the alga is constant. Thus, direct 
measurement of in vivo fluorescence can be used to provide a rapid estimate of 
phyioplankton biomass in culture tubes (Brand and Guillard, 1 98 1 ; Watras et al. , 
l 982). In vivo fluorescence aiso has been used to estimate biomass ofbenthic 
microalgae which can be suspended homogeneously by agitation (Bomber et al. , 
1988a). However, agitation is thought to retard the growth of some species 
(Durand, 1 987). Additionaily it can be difficult to dislodge cells of some taxa 
(especially, adhering diatoms) from the wall of culture tubes. 
I designed an integrating-sphere fluorometer (abbreviated as ISF 
hereinafter) that can be used to estimate the growth of benthic microalgae 
without agitating the culture. A culture tube is placed in the integrating sphere 
that diffuses both excitation light and in vivo fluorescence. 
Materials and Methods 
I nstrument 
Fig. I shows the diagram of the instrument. A high pressure mercury lamp 
(SL-HG-1 ; Toshiba Co.) was used with a starter (SLS-5; Irie Manufacturing 
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Co.) as a source of excitation light and placed horizontally. A motor cooling 
fan (M136Z-B; Oriental Motor Co.) was attached to the end of the lamp cover in 
order to dissipate heat of the lamp. The light ftom the mercury lamp was 
passed through a color glass filter (V44; Toshiba Co.) which allowed the 
transmission of 436 nm light used for chlorophyll a excitation. The excitation 
light passing through the filter was introduced into the integrating sphere via an 
acrylic light guide (opening 2 1 x I O mm, height 1 5 mm). The integrating 
sphere was assembled from two hemispheres made from acrylic resin (imer 
diameter 1 50 mrn). The inside of the sphere was painted with non-reflective 
white (Acrylic Spray; Nippon Paint Co.) in order to diffuse both excitation light 
and in vivo fluorescence. A window for the excitation light was situated at the 
bottom of the integrating sphere for effective irradiation, while a hole for the 
insertion ofthe culture tube was made at the top (Fig. l). The bottom of the 
culture tube where microalgae adhered abundantly was positioned near the 
center of the sphere. A photomultiplier (R-636; Hamamatsu Photonicus Co.) 
was used to detect in vivo fluorescence. This detector was wrapped with an 
acetate filter (SC66; Fuji Photo Filrn Co.) to eliminate light with wavelengths 
shorter than chlorophyll a fluorescence. The position of the photomultiplier 
was adjusted to receive minimum effect of excitation light. The signal from 
the photomultiplier was measured using an amplifier which also contains a high-
voltage source for the photomultiplier (AT- I OOAM. Shimadzu Manufacturing 
Co.). Every junction was seaied with black PVC tape (Scotch Brand Tape; 
3M) or black silicone sealant (Bath cork; Cemedine Co.) to prevent light leakage. 
The exterior was p ainted with non-reflective black. 
Performance Test 
Various species ofbenthic microaigae, including Navicula sp. (a diatom), 
Prorocentrum lima and Prorocentrum sp. (dinoflagellates) were used to 
detennine relationships between relative in vivo fluorescence intensity obtained 
by ISF and biomass. Pattems of their adhesion differed among the three 
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species : Navicula sp. adhered uniformly around bottom of the culture tube, 
Prorocentrum lima formed numerous lumps consisting of dozens of cells that 
adhered around the bottom of the glass tube, while Prorocentrum sp. growih 
pattem was intermediate to those of the other two species. Each microalga was 
inoculated into culture tubes (25 mm c, 1 50 mm L, screw capped; Pyrex) 
containing 25 ml of modified T1 medium (Ogata et al., 1 987; without 
nitrilotriacetic acid, but with ammonium chloride and selenous acid). These 
cultures were maintained for several days at 26.5+_0.5 'C under an illumination 
ofca. 1.0 x 1016quanta' cm~2･ sec~1 with a 14 : 10 Iight-dark cycle using 
cool-white fluorescent lamps (FL40SS; Toshiba Co.). The culture tubes were 
repositioned randomly once a day to minimize the effects of environmental 
(mostly light) variation. 
Quantity of chlorophyll a was chosen as an index of the biomass because 
increase of chlorophyll a corresponds directly to increase of its biomass during 
logarithmic growth phase (Hansmann, 1973). 
At each measurement, the signal reading of ISF was set initially to zero 
by inserting a test tube (same as the culture tube) containing filtered (O.22 um) 
and sterilized seawater. Signal reading standardization was also done by 
inserting a standard culture tube containing fluorescent acrylic resin. 
Culture tubes were selected arbitrarily and measured for relative in vivo 
fiuorescence intensity by ISF. Culture medium in each tube was then filtered 
with glass fiber filter (GF/C; Whattman) to collect cells in suspension. The 
filter was put back into the tube, and I O ml of dimethylformamide was added to 
the tube to extract chlorophyll a (Suzuki and Ishimaru, 1 990) from cells both on 
the filter and attached to the tube wall. Concentrations of chlorophyll a were 
then determined by the fluorescence method (Strickland and Parsons, 1972) 
using a fiuorometer (Type 10R; Tumer Designs Co.). 
Relationships of liner plot between relative fluorescence intensity 
obtained by ISF and its chlorophyll a concentration were detennined using least 
squares method. 
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Triplicate cultwes of each species were maintained in condition 
described above and measured in vh,o fluorescence by ISF for every two day to 
determine growihs . 
Results and Discussion 
Linear plots of the relative fluorescence intensity obtained from the ISF and the 
chlorophyll a concentration are shown (Figs. 2, 3. 4). Typical growths of the 
three benthic microaigae monitored by the ISF were also shown (Figs. 4-a~ b, c). 
Coefficients of correlation between the relative fluorescence intensity 
and the chlorophyll a concentrations were 0.987. 0.974 and 0.966 for Navicula 
sp., P. Iima and Prorocentrum sp., respectively. Furthermore, the correlation 
were high between the relative fluorescence value of 2 and 33 for Navicula sp.= 
1 O and 32 for P. Iima, 6 and 38 for Prorocentrum sp. At the time ofgrowth 
rate me asurement, each intercept corresponde d with the logarithmic growih 
phase of each species (Figs. 3-a, 3-b and 3-c), so the increase ofthe rate ofthe 
relative fluorescence intensity was a valid measure of the rate of chlorophyll a 
increase, which, in turn, corresponded to biomass increase for determination of 
growih rate. 
A11 of the tests examined showed reliable performance of the ISF when 
determining the growth rate of benthic microalga. In particular, the strong 
relationship between the concentration of chlorophyll a and the relative 
fluorescence value of the ISF was evident for a wide range in biomass for 
Navicula sp. This resulted because the benthic diatoms had a tendency to 
adhere uniformly to the culture vessel, not making lumps of cells which could be 
a cause of self-absorption of in vivo fluorescence. Meanwhile, correlation 
values between relative fluorescence intensity and concentration of chlorophyll 
a for other cultures showed that differences in microaigal adhesion patterns 
might yield less accurate estimates of biomass because the diffusion of both 
excitation light and in vivo fluorescence inside the integrating sphere was less 
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homogenous. Furthermore, some of the fluorescent light coming directly from 
the culture tube and received by the photomultiplier may yield excessive values. 
A method should be devised to elinxinate the effects of direct light but enabling 
the photomultip lier to receive diffused light without any interruption. 
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3. Growth physiology ofProrocentrum species 
isolated from Okinawa 
3 . 2. Effect of temperature, Iight and exudate of macroalgae 
on growih of four benthic Prorocentrum species 
The previous study at Akaj ima Island, Okinawa, Japan, showed dominant 
occurrence ofbenthic Prorocentrum species (Koike et al., 1991). These 
benthic Prorocentrum species might be considered to supply some of causative 
toxins for occasional fish poisoning experienced by some fishermen in the island. 
However there are scanty knowledge about the growih physiology of these 
Prorocentrum species in addition to the other benthic dinoflagellates. 
Here, effects of two basic environmental factors (temperature and light) 
on growth of four dominant benthic Prorocentrum specie in Okinawa~ Japan, 
were elucidated. Effects of exudate obtained from host macroalgae for the 
growth of Prorocentrum were also examined to find benefits of their adhesion to 
the macroalgae. 
Materials and Methods 
Organ isms ard stock culture 
Prorocentrum lima and P. sculptile were isolated ftom the surf;ace of Turbinaria 
ornata (Phaeophyceae) at Akajima Island (Fig. 1) in Jun 1990, and P. 
emarginatum and P. concavum from Zonaria stipitata (Phaeophyceae) at Kuba 
Island in March and July, respectively in 1 991. These clones were maintained 
in T1 medium (Ogata et al., 1987) under condition of 26:t:0,5 'C, ca. 160 uE 
m~2 sec~land 14:10 Iight dark cycle. Offshore water from offHatijyo Island, 
Japan was used for the medium. The medium was sterilized by cartridge filter 
(Labodisc 0.20um; Advantec Toyo Co.) using peristaltic pump (PA-25; 
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Cole-Parmer Co.), and dispensed to autoelaved glass tubes. Screw capped test 
tubes (25 mm ~, 150 mm L) containing ca. 25 niL of medium were used in stock 
culture and following experiments . 
Ca/culation ofdivision rate 
In vivo fluorescence from intact cell was measured every two days using 
integrating-sphere fluorometer GSF) (Koike et a/. , 1 994). The cell division rate 
was estimated from measurements of in vivo fluorescence in the exponential 
phase using a fonnula of Fnkazawa et al. (1980). 
Light 
Light experiment were conducted on a rack placed in a step-in incubator (EA-W; 
Koito Seisakusho Co.) where temperature was kept in 26.5 :!: 0.5 'C. Light 
was supplied from bottom by fluorescence lamps (FL40SS; Toshiba Co.) with a 
1 4:10light dark cycle. The experiments were carried out under eight levels of 
irradiance, 314, 261, 223, 183, 131, 78.1, 53.2 and 26.6 uE m~2 sec~1 which were 
obtained by reducing the light with several numbers of papers. hradiance level 
of each culture tube was detennined using a quantum scalar irradiance meter 
(QSP-100; Biospherical Co.) ofwhich the detector was irmnersed in a test tube 
containing filtered s eawater . Triplicate experiments were conducted up on each 
irradiance level for each species. 
Temperature 
Temperature experiments were conducted by using a temperature- gradient 
deviee. It consisted of an aluminum block (57 x 57 x 14 cm) covered with 
rubber foam insulation, heating and cooling units and lamp house beneath the 
block. The aluminum block had I O x I O holes and 25 mm diameter test tubes 
could be inserted. Warm water and cool water were circulated at each end of 
the block so that a temperature gradient from 1 7 - 3 3 :!: I ~C was established. 
lhftared reflecting glass and Plexiglas were placed between lamp house 
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containing ten cool-white fiuorescence lamps (FL32SW; Toshiba Co.) and the 
aluminum block. Detailed descriptions of similar temperature-gradient device 
can be found in the literature (Baaien and Edwards, 1 973 ; Blanldey and Lewin, 
1 976). 
hradiance level was set to the almost optimum for each species. 222 uE 
m~2 sec~1 for P. Iima and P. emarginatum, 1 58 uE m~2 sec~1 for P. concavum and 
P. sculptile with 14:10 Iight- dark cycle. Triplicate tubes in each temperature 
were inoculated with each species. The inoculum for each treatnent was 
acclimated at a rate of 3 'C per 24 h. 
Effect of a!gaJ exudate 
The macroalgae, Zonaria stipitata and Distromium decumbens (Phaeophyceae) 
were selected for the experiment because of carrying dense population of 
Prorocentrum species. These macroalgae were growing in mixture so taken 
together from their holdfast at Kuba Island. They were put into plastic bottle 
with seawater and shake vigorously to remove epiphyies. Then ca. 50 g of them 
was transferred to another bottle filled with 700 niL of filtered sea water and kept 
at ca. 28 ~C. After 24 hours later, the seawater containing the exudate was 
filtered with 0.20 um filter and kept in - 20 'C. In order to compare the effect 
with a different macroalga, ca. 65 g of Turbinaria ornata (Phaeophyceae) was 
dipped into 3 OO inL of filtered seawater and exudate was obtained by the same 
mamer . 
The exudate obtained were sterilized with syringe filter unit (DISMIC-
25C 0.20 um; Advantec Toyo Co.) and added to the medium at various 
concentrations (O, 0.3, 1.0, 3.0, 10.0, 30.0 o/o by volume ofthe medium). The 
effects of the exudate were examined in triplicate experirnents for each species 
and each concentration. Afier inoculation, the culture were maintained at 26.5 
:~: 0.5 ~C under illuminations of 234 uE m~2 sec~1 for P. Iima and P. 
emarginatum and 1 79 uE m~2 sec'l for P, concavum and P. sculptile with 14: I O 
light dark cycle. 
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VerticaJ distributions of Prorocentrum in the field 
To compare the result of culture experiment on light and the vertical distribution 
ofProrocentrum in the field, Zonaria stipitata was sampled from 5, 10, 15, 20, 
25, 30 m depth at Kuba Island in July 1991 by scuba diving and processed for 
the epiphyie counting as already described by Koike et al. (1991). 
Results 
Light 
Fig. 2. shows the relationship between light irradiance and division rates of four 
Prorocentrum species. P, Iima grew at low light itradiance of 26.6 uE m~2 sec~1 
and showed light-saturated growih rate at 222 uE m~2 sec~1. Light inhibition 
occurred at higher than 222 uE m~2 sec~1. For P. emarginatum, saturated 
growth rates occurred at irradiance of 222 to 3 14 uE m~2 sec~1, and no light 
inllibition was observed. This species could not grow at irradiance lower than 
78 uE m~2 sec~ I . P. sculptile and P. concavum showed light saturated growths 
at 1 83 uE m~2 sec~1 and inhibition at light higher than it. These species could 
not grow under inadiance lower than 53 uE m~2 sec~1. 
Temperature 
Fig, 3 shows the relationship between temperature and division rate of four 
Prorocentrum species. P. Iima had its maximum growth rate (0.31 division 
day- l) at the temperature of 30.7'C. The growth rate gradually decreased from 
30.7 to 21.0 'C and no growih showed at 17 oC. P. concavum showed its 
maximum growth rate (ca. 0.28 division day-1) at the temperature between 25 . 8 
and 33.2'C and no growih at lower than 19'C. The maximum growih rate 
(0.30 division day-1) ofP. emarginatum was achieved at 28.2'C. The growth 
was lirnited below this temperature, and this species could not grow at lower than 
19.0'C. The maximum growth rate ofP. sculptile (0.18 division day-1) 
occurred at rather low temperature (25 . 8 'C ) compared with the other species. 
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This species could not grow at temperature below 19.0 'C and above 33.2 'C. 
Effect of aJgal exudate 
Fig. 4 shows the division rates of four Prorocentrum species in culture medium 
with various concentrations of each exudate. Although the growth of P. Iima 
was little promoted by adding less than I Oo/o of mixed exudate of Zonaria 
stipitata and Distromium decumbens, the increase of the growih rate against the 
control (Oo/o) was ca. 450/0 at the concentration of 30 O/o. On the contrary, the 
exudate of Turbinaria omata iohibited the growih of P. Iima at 30 c/o 
concentration. The growth of P, emarginatum and P. sculptile were also 
promoted by the mixed exudate of Z, stipitata and D. decumbens. The increase 
of the growth rates against the control (O o/o) was ca. 68 o/o at the concentration of 
3 O o/o for P. emarginatum, and ca. 80 o/o at the concentration of I Oo/o for P. 
sculptile. The growih of P. sculptile was inhibited at 30 o/o of Z. stipitata and D. 
decumbens. Although the exudate of T. ornata promoted the growth of P. 
emarginatum at I O o/o concentration, no other increase was observed for both P. 
emarginatum and P. sculptile. Growth inhibition was observed in these two 
species at higher concentrations (30 o/o for P. emarginatum, I 0-30 o/o for P. 
sculptile.). The growth of P. concavum was not promoted by any exudate, and 
completely inhibited by adding the exudate o T, ornata at I O and 30 Olo 
concentrations . 
Discussion 
in the laboratory experiment on light, the optimum growth rates of the four 
Prorocent/'um species ranged between 1 83 - 233 uE m~2 sec~1 and this value 
corresponds to the irradiance of 3 O m depth in sunny noon of Okinawa region, 
This agreed with the results in field survey that these specie were found at I O -
30 m depth (Fig. 5). Their optimum growih rates in the temperature experiment 
ranged between 25.8 and 33.2 'C. In this study, the maximum growth rates of 
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P. Iima in light and temperature experiment were achieved at 223 uE m~2 sec~ l 
and 30.7"C, respectively. This species could grow under low light irradiance 
( < 26.6 uE m~2 sec~1 which corresponds to that at ca. 45 m depth) and low 
temperature (19.0'C). Morton and Norris ( 1 990) noted that P. Iima strain from 
Florida grew best at 4000 uW cm-2 (corresponding to ca. 1 84 uE m~2 sec~1 at 550 
um) and low irradiance below 680 uW cm-2 (ca. 3 1 .6 uE m~2 sec~1) Iimited its 
growth (< 0.2 division day~1), being similar to this result. However, the strain 
in this study had the peak growih at higher temperature (3 O 'C) than in the 
Florida strain (26 'C) and yielded a growih at lower temperature ( 1 9 and 20 ~C 
for the strain in this study and Florida one, respectively). 
There are some discrepancies between the results from the culture 
experiments and the field survey (Koike et al. , 1 99 1 ). P. concavum showed 
growth in a broad range of both light irradiance and temperature as well as P. 
lima. They had similar growth rate at same light and temperature regime. 
However, the population densities of P. concavum were much lower than that of 
P. Iima in the field. Moreover, although P. sculptile (referred to P. 
e m arginatum in the previous rep ort) were found abundantly next to P. Iima in the 
field, the growth rate of the specie in both light and temperature experiments 
were much lower than in the others. Although P. emarginatum was found 
abundantly at 30 m depth in Kuba Island (Fig. 5), its growth rate was limited 
below 1 3 1 uE m~2 sec~1 which correspond to the light irradiance at that depth. 
These discrepancies might be attributed that the growth ofProrocentrum 
depends on chemical compounds supplied from exudate of host macroalgae. 
The effect of macroalgal extract obtained by homogenous grinding on 
growtli of benthic dinoflagellate was examined by Carlson et al. (1984) and 
Bomber et al. (1989). In this experirnent, the exudates from the surface of 
living macroalgae were tested. This experiment could show the relationship 
between macroalgae and benthic dinoflagellates closer to what is occurring in 
nature than the experiments by previous authors. Although "extracellular 
substance" released ftom Sargassum horneri was reported to inhibit growth of 
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epiphyiic diatoms (Tanaka and Asakawa, 1988), the mixed exudate of Z. 
stipitata and D. decum bens promoted the growih of the three benthic 
Prorocentrum species except P. concavum . On the contrary, the exudate of T. 
ornata inhibited the growths of all species. Because the population densities of 
Prorocentrum on T. ornata were not so low in the field survey (Koike et al. , 
1 99 1), the benefit of adnesion to T. ornata might be not for growih promoting 
substances, but for physical protection against excessive irradiance at shallow 
water , 
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4. Toxin analysis of four benthic Prorocentrum species 
isolated froln Akajima Island 
With spreading of intensive field surveys on various regions for ciguatere~ it has 
been cleared that benthic Prorocentrum species are abundant in most of the 
community and variety of the species including many new species exist. Some 
of them were examined for toxin analysis and most of the examined species are 
revealed to be toxic (Murakami et al., 1982). Thus, these toxic Prorocentrum 
are considered to relate to some of the symptoms of ciguatera. From the results 
of the previous sections, it has been elucidated that benthic Prorocentrum 
species are dominant in the area. Some of them are still untested for toxin 
production. And even for P. Iima that was already recognized as a toxic, 
differences of the toxin production ability depend on the isolated areas are 
reported so far (Koike et a/., 1 999). 
In this section, cultures of four benthic Prorocentrum species isolated 
ftom Akajima Island were examined for production of diarrhetic shellfish 
poisons by methods of High-Performance Liquid-Chromatography (HPLC), 
Enzyme Linked Jinmuno-Solvent Assay (ELISA) and Thin Layer 
Chromatography (TLC). 
Materials and Methods 
Cul ture 
Macroalgae as a substrate of benthic dinoflagellates were sampled in 
Maj anohama at Akajima Island in July 1 997. Epiphyies were removed by a 
method previously mentioned. Dinoflageffates cells were isolated by a 
capillary method and inoculated to K medium (Keller et al., 1 987). Cultures 
established were maintained in 25 ~ C under 80-90u E･m~2.sec~1. Four strains, 
(970AK-PL1, 970AK-PC1, 970AK-PE 1, 970AK-Psp), were selected for the 
toxin analysis. They were transferred to I L of K medium and cultured under 
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same condition of the above. After 2 weeks when all of them entered to 
stationary growih phase, portions ofthe cultures were performed for species 
identification by scanning electron microscopy and the rest of the cultures were 
analyzed for toxin production. 
Species identif?cation 
Portions of the harvested cultures were fixed with glutaraldehyde at final 
concentration of 2.5 o/o. After several washings with distilled water, samples 
were dehydrated with graded series of ethanol, mounted on cupper plates and 
air-dried. AU-coated samples were observed under JEOL JEM I OO S scanning 
electron microscope. 
Tox in analysis 
The cells were trapped on Grass-fiber filter (Whattman. GF/F) and sonicated for 
3 min. in methanol. After removal of residues of the filter by filtratior~ toxins 
were extracted and analyzed by HPLC method ofLee et al. (1987). From the 
results obtained by HPLC method, further confirmations of the toxin production 
were required for strain 970AK-PCI and 970AK-Pspl. For these two 
samples, another extracts of both strains in methanol were treated and analyzed 
by ELISA method by using DSP-check kit (Panafann Lab.) with following 
product manual. For TLC analysis (conducted only for 970AK-PLI and 97 
OAK-PC l), sample preparation and analysis were conducted with following a 
method of QuiUiam and Wright (1 995). 
Results and Discussions 
Species identlfication 
Fig. I shows electron micrographs of four Prorocentrum species . Cell of strain 
970AK-PL I was ovoidal in valve view. The anterior margin excavated in 
right valve. Cell length was 36 um and the width is 28 um. Mucocyst pores 
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were scattered on valval surface except the center and lined in a row in the 
valvai margin. Nuniber ofthe pore is c. a. 91 on the vaival surface and c.a. 68 
in the margin. From these, it was identified to Prorocentrum lima (Eher.) 
Dodge 1 975. Cell of strain 970AK-PCI was ovoidal in valve view and widest 
behind the middle. The anterior margin excavated in right valve. Cell length 
was 41 um and the width is 30 um. Mucocyst pores were scattered on valvai 
surface and lined in a row in the valval margin. Nuniber ofthe pore is c, a. 123 
on the valval surface and c,a. 60 in the margin. From these, it seemed to 
resemble to Prorocentrum lima (Eher.) Dodge 1 975, though the number of the 
mucocyst was much larger than P Iima. In this chapter, it is treated as a variety 
ofP. Iima. Cell of strain 970AK-PEI was ovoidal in valve view and widest at 
the middle. The anterior margin excavated widely in the both valve and that of 
right valve was deep and curved dorsally. Cell length was 28 um and the width 
is 24 um. Mucocyst pores were scattered on valval surface and no distinction 
between the margin. Nutnber ofthe pore is c. a. 760. From these, it was 
identified to Prorocentrum sculptile Faust 1 993. Cell of strain 970AK-PSpl 
was ovoidal in valve view and widest at the middle. The anterior margin 
excavated widely in the both valve and that of right valve was deep and curved 
dorsaily. Cell length was 30 um and the width is 26 um. Mucocyst pore was 
not recognized. But from the characters oftypical shape ofthe anterior 
excavation, it was identified to Prorocentrum emarginatum Fukuyo 1 981. 
Tox in analysis by HPL C 
Fig. 2 shows HPLC chromatograms of four species, In the chromatogram of 
970AK-PL I (P Iima), two peaks which assignable to that of Okadaic acid (OA) 
and dinophysistoxin- I (DTX- 1) were detected. Toxin contents per cell were 
calculated to 0.57 pg'cell~1 for OA and 0.88 pg'cell~1 for DTX-1. No peak 
assignable to the toxins was detected on the chromatogram of 970AK-PE I (P. 
sculptile). A Iarge peak on the retention time of OA standard was detected on 
the chromatogram of 970AK-PCI (variety of P. Iima). Still, because its time 
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delayed almost one minute from that of OA standard, this peak was retrieved 
from outlet ofHPLC detector and subjected to ELISA as described later for 
further confinnation. No peak assignable to that of the toxin was detected in 
that of 970AK-PSp I (P emarginatum). 
Tox in analysis by ELISA 
Table I shows results of toxin anaiysis using ELISA kit. The analyses were 
conducted for the crude extract of 970AK-PCI and 970AK-PSpl and the 
retrieved peak which was in doubt as OA. In case that toxin which bind to 
anti-OA antibody is much included, absorbance value decrease in this system. 
From this result, crude extracts of 970AK-PC I and 970AK-PSp I showed 
significant decrease of the absorbance, that is, contained substances that bind to 
anti-OA antibody. Especially, the value of decrease for 970AK-PC I was much 
larger. If this value is converted to that of OA standard, it contains aimost 0.9 
pg OA per cell. Though, there are no significant detection of the OA-like 
substance on the isolated peak from 970AK-PC I . This result indicated that 
970AK-PCI produces large quantity of OA-like substance which was not 
detectable in HPLC method. Detection of the toxin in HPLC is based on the 
fluorescent signal that emits form the fluorochrome, 9-anthtyldiazomethane 
(ADAM), bind to carboxyl function of DSP toxins such as OA and DTX. Still, 
it has been reported that there is ester derivatives of DSP toxin, named diol ester 
that have no carboxyl futlction (Fig. 3). So, there are possibility that 
970AK-PCI (also 970AK-PSpl ?) produces these ester derivatives ofDSP 
toxins. Further confirmation was conducted in the following. 
Toxin anaiysis by TLC 
Fig. 4 shows picture of TLC after spotting the extracts of 970AK-PCI and 
970AK-PL I as a reference and eluted with a toluene-aceton-methanol (7.5: 4 : 
1) and sprayed 0.5 o/o vanillin in conc.sulfuric acid. If there is a diol ester, it 
produces pnk color at Rf 0.85 after the spraying. Three spots showing pnkish 
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color appeared at Rf 0.76, 0.59, 0.5. Most non-polar substance, at Rf 0.76, 




















Fig. I . Scanning electron micrographs of four Prorocentrum 
species. (a) Strain 970AK-PLl, (b) 970AK-PCl, 
























Fig. 2. HPLC chromatogram of four Prorocentrum species. 
a: 970AK-PL I (Prorocentrum lima), b: 970AK-PE I (P. sculptile), 
c: 970AK-PC 1(variety ofP. Iima), d: 970AK-PSp I (P. emarginatum). 
Lefi column is chromatograms of standard toxins and the right is the sample. 
A Iarge peak on chromatogram c was retrieved and subj ected to 
ELISA analysis (see text), 
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Fig. 3 . TLC plate spotted with the extract of 970AK-PLl(a) and 
970AK-PC I (b), eluted with toluen-aceton-methanol (7.5 : 
4: l) and sprayed 0.5 o/o vanilin in sulfuric acid. (b) shows 
distinct pinkish spots at Rf 0.76, 0.59, 0.56. 
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5. Occurrence of okadaic acid-producing Prorocentrum 
lima in Sanriku coast, northern Japan 
Prorocentrum lima is a benthic dinoflagellate growing on the surface of 
macroaigae (Fukuyo, 1981) or on the sand ofthe sea (Lebour, 1925). This 
species has been considered to be involved in ciguatera fish poisonirrg in tropical 
and subtropicai regions because it distributes widely and densely in these regions 
(Koike et a!. 1 99 1 ; in this study) and lipid-soluble toxins were detected in the 
strains isolated from these regions (Nakaj ima et al. , 1 981 ; In this study). 
Murakami et al. ( 1 982) first identified one of the lipid-soluble toxins in P. Iima 
as okadaic acid (OA), one of the causative toxins responsible for diarrhetic 
shellfish poisoning (DSP) which was originally found on the Sanriku coast of 
northern Japan (Yasumoto et al., 1978). In spite ofthis discovery, P. Iima has 
not been considered to be associated with DSP. Seemingly, it is due to the fact 
that there is a lack of knowledge on the distribution of this species in colder or 
temperate waters where DSP toxins are often detected in the shellfish. The fact 
that the plariktonic form is rarely found in this species might be one of the 
reasons. However, DSP toxin-producing P. Iima has recently been found in the 
net hauling samples collected at the cold water region of Nova Scotia~ Canada, 
and is suspected to be involved in DSP toxins in the shellfish (M:arr et aJ., 1 992). 
In Spain, P. Iima is also believed to be a source of DSP toxins in bivaives, and 
shellfish harvesting is restricted when this species is assumed to be present 
(Shumway, 1990), In Japan, P. Iima is reported to occur in the wam regions of 
Okinawa (Fukuyo, 1981; Koike et al., 1991). There is, however, no knowledge 
on the distribution of P. lima in the cold water areas in Japan where DSP toxins 
are detected in the shellfish. Here reports that OA-producing P. Iima occurs on 
the Sannku coast, the Pacific coast of northem Honshu island where DSP toxins 
are often detected in the shellfish. 
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Materials and Methods 
Isoration ard culture ofP. Iima 
The macro algal s amples, Sargassum confusum , Callophyllis crispata and 
Carpopeltisflabellata were collected at the Sanriku coast (N 39' 6', E 141' 52') 
in October, 1 994. Sargassum tortile and Car. flabellata were also collected in 
November, 1 996. A I OO g of algal sample (wet weight) was shaken vigorously 
with 500 ml of filtered seawater for one minute. The seawater was filtered 
through a sieve with an opening size of 1 25 um. Epiphyte samples thus 
obtained were concentrated to 20 mL afier precipitation with formalin and 
counted cell number ofP. Iima under light microscope. Another aiiquot ofthe 
epiphyie sample without fixation was used for establishing culture. P. lima-
like cells were isolated by a capillary method and inoculated to T I medium 
(Ogata et al. , 1 9??) after several washing. Isolated cultures were maintained 
under 15 ~C and 80 uE･m-2･sec-1. 
ldentlfication ofP. Iima 
Morphological characters of both natural and cultured species were observed 
under light and scanning electron microscope (JEOL JSM6400). Preparation of 
SEM specimen was conducted as described by Faust (1990). 
Growth ofP. Iima under various temperature 
A P. Iima clone (OKl-D6) was acclimated for 14 days at 15, 20, 25 ~C. The 
cultures at each temperature were used to inoculate 500 mL of freshly prepared 
T1 culture medium at the final concentration of 500 cells'mL~1 and maintained at 
each temperature under light intensity of 1 70 umol･m~2.s~1 with 14: I O LD cycle. 
Every two days, aliquots were removed for measurement of the cell densities. 
Before aliquots were taken, medium was stirred by magnetic stirrer to dissociate 
the cells from the glass wall. The growth rate was estimated ftom the 
exponential phase according to Fukazawa et a/. [ 1 3], 
52 
ldentif?cation ofthe toxin in the cell. 
One of isolated clone (OK1-D6) was cultured in I OO ml of T1 medium under the 
conditions described above to analyze the toxins . The cells were harvested at 
late exponential phase and extracted twice with 800/0 methanol, respectively. 
After dilution with water, the toxin in the aqueous methanol was extracted twice 
with dichloromethane and analyzed by HPLC according to Lee et al. (1987). 
For further confirmation, toxin was purified from the cells of a clonal culture 
grown in a large scale (3 L) by column chromatographies on aluminum (activity 
grade llD and HPLC with a Wakosil ODS-5 column (10 x 250 mm) according to 
Yasumoto et a/. (1985). During the procedures, toxin was monitored by HPLC 
according to Lee et al. (1987). The negative FABMS of the purified substance 
was measured by a JEOL JMX-DX3 OO mass spectrometer using glycerol as a 
matrix . 
Results 
Isolation and identV?cation ofP. Iima 
Ten to twenty cells of P. Iima were found in one mL of the samples prepared 
from S. confusum and Car. flabellata collected in 1 994 and 1 996, respectively. 
Cell density of P. lima on the surface of these algae was calculated from to be 
2-4 cells g~ I of alga (wet weight). The morphology observed under scanning 
electron microscope (SEM) coincided with that of Prorocentrum lima 
(Ehrenberg) Dodge (Dodge, 1975; Ftikuyo, 1981; Faust, 1991); the cell is ovoid, 
laterally compressed, and widest behind the middle. Anterior margin concave 
in the right valve but slight in the lefi valve. Cell length and width are 3 8 ~ 2 
um and 27 ~: I um respectively (n=10), and a large pyrenoid is observed in the 
center (Fig. I a). Brown chloroplasts are filled in the cell. The cells have two 
flagella arose from anterior margin. Morphological observation using SEM 
revealed that mucocysts are in a line along the valval margin and scatter over the 
valval surface except the center (Fig. Ib). 
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Growth ofP. Iima urder various temperature 
The growth rate of OK I -D6 strain under different temperature is shown in Fig. 2. 
The OK1-D6 strain showed a growih rate of more than 0.2 divisions per day 
under every temperature examined. 
ldentif?cation ofthe toxin in the cel/. 
Fig. 3 shows the HPLC chromatogram obtained from a clone. A peak with an 
identical retention time to the ADAM ester of OA was observed. However, no 
peak corresponding to dinophysistoxin- I (DTX- 1) was detected. Toxin content 
ofthe clones estimated from the peak area ranged from O.3 to I .3 pg cell~1. 
Fig. 4. shows a negative FABMS spectrum. It showed an ion peak at 
m/z = 803.7 which was assignable to [lvi - H]~ of OA, supporting that the 
substance is OA. 
Discussion 
Although P. Iima was frrst cited by Lebour (1925) in the northern see~ there was 
limited knowledge on this species in temperate or cold waters. On the contrary, 
this species has been found to distribute on the macroalgae densely and widely in 
tropical areas during the survey on the causative benthic dinoflagellates for 
ciguatera fish poisoning (Carlson and Tindall, 1985; Koike et al., 1991). 
Recently, P. lima has been reported to distribute in cold or temperate regions 
such as Canada (Marr et al., 1 992) and Spain (Shumway, 1 990). The Cell 
density of P. lima in this study was 2-4 cells g~1 of alga (wet weight), which was 
much smaller than those observed at tropicai areas. Still, these results along 
with the present finding show that this species distributes widely, not only in 
tropical waters, but in cold or temperate waters as well. 
The Sanriku strain grew with a growth rate of more than 0.2 divisions per 
day at 15 through 25 'C, indicating that temperature does not affect the growth 
under these conditions. Florida strain of P. lima (lvlorton and Norris, 1 990) and 
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the Okinawa strain (Koike et al. , 2000) were reported not to grow at temperature 
below 1 9 and 1 5 'C respectively while Canadian strain grows under wide 
temperature range of 5 - 25 'C (Jackson et al., 1993), showing that P. Iima 
strains possess the growth characteristics which reflect the water temperature of 
the area where the strains are isolated. The above results support that P. Iima 
strains in the present study are local ones. 
Only OA was detected in the Sannku strains of P. Iima whereas DTX- 1 
is identified in other strains such as Canadian one Gvl:arr et a/., 1 992). Marr et 
al. (1992) reported that Canadian strain showed the toxicity of 25 ng ml~1 of the 
culture. When this value is converted to pg cell~1, it is similar to that of Sanriku 
strains. Although the toxicity values cannot be compared directly because of 
the different culture conditions, these vaiues seem to be lower than those of other 
tropical strains reported (Lee et aJ., 1989). 
On the S annku coast, a phenomenon that shellfish became toxic even in 
the absence of Dinophysis spp, was often observed, suggesting the presence of 
unknown causative organism(s) of DSP other than Dinophysis spp. (Sato et al. , 
1 994). P. Iima is the frrst dinoflagellate species other than Dinophysis spp. 
ftom the Sanriku area which produces OA. The OA-producing P. Iima found 
in the present study may be involved in the shellfish toxicity. 
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Fig. 1 Light (a) and electron (b) micrographs ofProrocentrum lima 
collected at Sanriku coast. Bars indicate 10um. 
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Fig. 2. Division rate of one strain (OK1-D6) ofProrocentrum lima 
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Fig. 3. HPLC chromatograms of the extract of OK I -D6 strain 







































Studies on Dinophysis species 
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1. Introduction 
Several species of dinoflagellates belonging to the genus Dinophysis Ehrenberg 
are responsible for diarrhetic shellfish poisoning (DSP) . These species occur in 
a wide range of temperate and cold waters worldwide and cause major losses in 
shellfish industries. In spite of intense efforts by many researchers, these 
species have not been successfiilly cultured, and much of their physiology and 
ecology remains unclear. In Japan, D. fortii is recognized as a main causative 
for the poisoning (Yasumoto et al. 1 980). D, fortii occurs along long coast of 
Tohoku and Hokkaido regions in summer season, and suffers vast damages to 
scallop and oyster culture industries. 
Within the genus Dinop/~/sis there are both photosynthetic and 
non-photosynthetic species. A11 of the DSP causative species including D. 
fortii belong to photosynthetic except one species (D. mitra). Because no 
information have been available from the culture experiment, intensive field 
surveys on DSP causative Dinophysis have been carried out in worldwide 
coastal areas in an aim to elucidate their growih physiology. However, no 
factors that affect to the growth of Dinophysis have been found so far. Their 
growth strategy is still completely unclear. 
Recently, the plastid and the photosynthetic pignent of the phototrophic 
Dinophysis were reveaied to be same to that of cryptomonad; containing 
phycobilin pigment and two layer thylakoid (e.g., Hallegraeff and Lucas, 1 988; 
Lucas and Vesk, 1990). Because there is no other cryptomonad organelle in the 
cyioplasm of these Dinophysis other than the plastid, the establishment of the 
relation between cryptomonad plastid and Dinopllysis cell are considered to 
complete during the evolutionaily process. On the contrary. Ishimaru et aJ. 
(1988) observed a phenomenon that Plagioselmis sp. (cryptophyceae) cells 
attached to surface of D. fortii theca and were absorbed, then D, fortii pigment 
was maintained for a longer period comparing to that without Plagioselmis cell. 
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Consequently, they hypothesized that D. fortii temporally acquired its plastid by 
an uptake cryptomonad. If their observation is valid, this phenomenon should 
be a key to understand for not only its plastid origin but also its growth strategy. 
However the validity of this hypothesis has not yet been adequately documented 
with experimental or field results. 
In this part, the occurrence of D. fortii in the field was frrst examined as 
it is affected by simultaneous environmental parameters, such as seawater 
temperature, saiinity and nutrients. In addition to these factors, the incidence 
of phycobilin-containing microalgae, cryptomonad and cyanobacteria that occur 
together with D. fortii in the bay was measured. From these, total growih 
mechanism of D. fortii in the field was discussed. 
lh the following s e ctions , the ob servation results on extraordinary 
variations of the plastid morphology and photosynthesis, and the evidence of the 
phagotrophy of D. fortii were presented Those would be the frst step for 
verifying the hypothesis of Ishimaru et al. Then the document on the 
acquisition of plastid and photosynthesis ability from the microalgae by D. fortii 
followed. 
Together with these studies on the nutrition of D, fortii, the toxin 
production mechanisms are discussed in here. It has been often pointed out 
that the change of bivalve toxicity is not aiways parallel to that of the abundance 
of causative dinoflagellates (Marcaillou-Le Baut and Masselmj 1 990; Sampayo 
et al., 1 990; Sato et al., 1994). I aiso carried out field monitoring for the 
toxicity and found the same phenomenon. One of the answers for these 
discrepancies would be as following; analogues of DSP- toxins that could not be 
detected by mouse bioassay or HPLC method and their metabolism may relate 
to the toxication of the shellfish. Under this theory, field monitoring of the 
toxicity by using ELISA method together with ordinary HPLC method was 
conducted. ELISA method is based on the binding ofthe specific antibody to 
the OA, so analogues of DSP- toxins having same base skeleton are detectable. 
These field data are shown in the following section. Moreover, productions of 
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these analogues by the DSP causative dinoflagellates were examined by using 
irnmuno-electron microscopic method. 
Some sections of this part were aiready published as following, and the rest of 
the content will be published soon. 
(Section 3.2) Koike, K.. K. Koike, M. Takagi. T. Ogata and T. Ishimaru (2000): 
Evidence of phagotrophy in Dinopllysis fortii (Dinophysiales, 
Dinophyceae), a dinoflagellate that causes diarrhetic shellfish 
poisoning. Phycological Res. (in press). 
(Sectron 4 l) Sato, S., K. Koike and M. Kodama (1996): Seasonal variation of 
okadaic acid and dinophysistoxin- I in Dinophysis spp. in 
association with the toxicity of scallop. p. 285-288. In Harmful 
A Igal Blooms, eds, by T. Yasumoto, Y. Oshima and Y. Fukuyo, IOC 
of UNESCO. 
*submitted article: 
(Section 2) Koike. K., H. Otobe, M. Takagl T Yoshida T Ogata and T 
Ishimaru: Recent occurrence of Dinophysis fortii (Dinophyceae) in 
Okktrai Bay, Sanriku~ northem Japan, and related environmental 
factors. (submitted to J Oceanog7: at November 1 5, 1 999). 
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2. Recent occurrences ofDinophysisfortii in Okkirai Bay, 
Sanriku, northern Japan, 
and related enviroumental factors 
Since Yasumoto et al. ( 1 980) flfst found the toxins for diarrhetic shellfish 
poisoning (DSP) in Dinophysis fortii, this species has been recognized as the main 
organism responsible for DSP in northem Japan. Intensive field surveys on this 
species have been conducted in various coastal areas Cgarashi, 1 985; Iwasald, 
1 986). The results from these surveys have elucidated the periods of occurrence 
and some of the associating environmental factors. The major observation is that 
this is an oceanic species, and the areas affected by DSP occur along coasts that are 
dominated by either Tsushim~~ Tsugaru and Oyashio currents, the main currents in 
the Tohoku and Hokkaido regions of northem Japan (reviewed in Fukuyo, 1 997) . 
In 1995, 1996, 1998, and 1999, field surveys on the occurrence ofD. fortii was 
conducted in Okkirai Bay on the Sanriku coast, where being affected by DSP. 
Here, the results ofthe surveys are described, and the pattem of the occurrence as it 
is affected by environmental factors, such as water temperature, salinity and 
nutrient concentrations will be discussed. 
In addition to these factors, the relation between possible nutrition forms of 
D. fortii and environmental factors is discussed. One of these factors is the cell 
density of phycobilin-containing algae. Despite many attempts by researchers, 
Dinophysis spp. have not been successfully cultured; as a consequence, its growth 
and physiology are not understood well. Nevertheless, there have been a number 
of useful observations made on wild cells. D, fortii has plastids similar to those of 
the cryptophyceae. The plastids contain phycobilin pigment and a double 
thylakoid membrane (e.g.. Hauegraeff and Lucas, 1988; Lucas and Vesk, 1990). 
The plastid concentration and morphology are not constant (Fukuyo, 1 997). D. 
fortii has the ability to uptake cryptomonad cells (Ishimaru et al., 1 988). From 
these results, it could be hypothesized that D. fortii takes up other microalgae and 
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assimilates their plastids for its own photosynthesis. The vaiidity ofthis hypothesis 
has not yet been adequately documented with experimental or field results. 
Therefore, the incidence of phycobilin-containing microalgae, cryptomonad and 
cyanobacteria that occur together with D. fortii in the bay was measured. The 
relationship between these aigae and D. fortii will be discussed. 
We previously observed D. fortii sometimes having food vacuoles of 
eukaryotic prey origin (Koike et al. , in press). This indicates D. fortii has 
heterotrophic nutrition mode other than phototrophy . Thus , heterotrophic growth 
ofD, fortii is also discussed with the relation to the particular enviromnent. 
Materials and Methods 
Weekly samplings were conducted at point A (12 m depth) in 1995 and at point B 
(26 m depth) in 1996, 1998, and 1999, in Okkirai Bay, Sanriku, Iwate, Japan (Fig. 
1). Samples were taken between 10:OO and I l:OO am. Water samples were 
collected with a Van Dom sampler at surface, 5, and 10 m depths in 1995 and at 
surface, 5, 10, 15, and 20 m depths in the other years. The analysis of each sample 
was as follows . One liter ofwater sample was concentrated with a membrane filter 
(5.0 u m pore size; 47 mm in diameter; Advantec Co., Japan) without vacuuming 
to a volume of 5 mL (modified from a method of lizu:ka, 1979) and was fixed with 
glutaraldehyde at 2.50/0 Of the final concentration. The number of cells of 
Dinophysis spp. per liter of the sample water was determined by counting l/5 of 
the volume of the concentrated sample under a microscope; thus, the detectable 
lower limit was 5 cells ' L~ I . For estimating the biomass of synechococcoid 
cyanobacteria and cryptomonad, the sample water sieved through 20 um mesh was 
fixed with glutaraldehyde at 2.50/0 of the final concentration and the particles were 
trapped onto a polycarbonate membrane filter (0.2 um pore size; 1 3 mm in 
diameter; Advantec Co., Japan) by gentle vacuuming (<lOO mm Hg). Then the 
filter was observed under BH2- RFC epifluorescence microscope (Olympus Co., 
Japan) equipped with filter setting as follow; 455 - 490nm excitation filter, 500 nm 
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beam splitter. Detailed procedure is described in Booth (1993). The analysis of 
the nutrients (N03-N, N02-N, NH4-N, P04-P) were performed according to the 
methods of Valderrama ( 1 995). Vertical profiles of seawater temperature and 
salinity were measured with an AST-200 STD (Alec Electronics Co.. Japan). 
Because no time series data of seawater temperature was available in Okkirai Bay, 
the data set of Otsuchi Bay (Otobe et al., 1999) which locates 3 1 kn north of 
Okkirai Bay (Fig, l) was used for analyzing the relation to the occurrence of D. 
fortii. 
Results 
1 . Occurrence ofD, fortii in Okkirai Bay and the simultaneousfactors of 
temperature, salini~/ and nutrients 
Figs. 2-4 show vertical profiles and transitions of D. fortii occurrence (A) , 
temperature (B), salinity (C) and nutrients (D-G). The samplings were conducted 
through the surveyed years but the results during late April through late July are 
presented because there was no detectable occurrence of D. fortii on the other 
months except one case (5 August in 1996: mentioned in Table I .). Table 1 
summarized the periods ofD. fortii occurrence more than the lowest detectable cell 
density (~ 5 cell･L~1) and the period of more than 20 cells'L~1 which is enough 
level for toxin contamination in shellfish according to lgarashi ( 1 985), and their 
temperature ranges. In each year, the cell density more than 20 cells ' L~1 was 
observed from late May or early June and continued until late June or early July. 
Temperature during the occurrence ranged from 7.2"C and 20.4~C, and that during 
the period of more than 20 cells 'L~1 was in the range between ca. lO- 1 5'C. The 
species was not observed at a salinity less than 32.9 and the cell densities more than 
20 cells ' L~1 were detected at salinity more than 33.2 with a single exception at the 
surface on 25 June 1 996. D, fortii occurred in extremely high concentrations in 
1 999, compared with the previous years. 
Table 2 shows characters of the water showing peaks or high cell densities 
ofD. fortii occurrence. Positions where such waters appeared are also indicated on 
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Figs. 2-5 in each year. When the cell densities frrst peaked in the bay (5 June 1995, 
17 June 1996, 3 June 1998 and 17 June 1999), the water temperature was in a 
narrow range between 1 1 . O- I I . 7'C. The salinities at these peaks were high, more 
than 33.5, and all of the measured nutrient concentrations were low. Lower 
density water occurred in the upper layers and made a pycnocline at these events. 
These characteristics of low and narrow temperature range, high saiinity and low 
nutrients, indicate that the water masses causing these peaks were ffom offshore. 
After D. fortii density flfst peaked in the bay, second peak or another increases of 
D. fortii followed except 1 999. At the time ofthese increases, elevated ammoniunl 
levels were observed in 19 June 1995, 25 June 1996, 10 and 17 June 1998. 
Especially in 25 June 1996, salinity decreased significantly (Table 2). 
2. Relation between D. fortii occurrence and water temperature in Otsuchi Bap 
Fig. 6 shows the time series of seawater temperatures in Otsuchi Bay and the 
occurrence of D. fortii in Okkirai Bay during the period of late May through late 
Jun when the increase of D. fortii was observed. During this period, water 
temperature increased and stratification of the water was thus established. Along 
with the stratification, intemal waves with diurnal or semi-diurnal cycles were 
observed intermittently at I O and 1 5 m below the surface, In the period of the flfst 
occurrence of D. fortii, the temperature at I O and 1 5 m layers changed periodically 
in the range of 10-12~C in all four years (these periods are indicated by arrows in 
Fig. 6). 
3. Relation between D. fortii occurrence andphycobilin- containing microalgae 
In 1995, synechococcoid cyanobacteria appeared suddenly on 22 May, one week 
before the D, fortii occurrence, and the average cell density for all sampled depths 
was 10,500 cell ･mL~1. On the day ofthe frst incidence peak ofD. fortii, the cell 
density reached 3 8,000 cells ' mL~1. After this period, the cell density seemed to 
modulate; the occurrence pattern had no particular relationship to the D. fortii 
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'density pattern. Cell numbers had decreased to 15,300 cells 'mL~1 by the second D. 
fortii peak. The concentration in the bay remained higher than 20,000 cells ' mL~l 
after this period (Fig. 2-H). Cryptomonad seemed to be patchy but were constantly 
present in the bay. The concentration increased rapidly and synchronously with 
the occurrence ofD. fortii and reached its maximum cell density (1,220 cells ' 
mL~1) in the same samples having the flfSt occurrence peak for D. fortii. However, 
no cells were detected durirmg the second incidence peak of D. fortii (Fig. 2-1). 
In 1996, synechococcoid cyanobacteria began to appear in the bay after 14 
May and at a relatively low cell density (240 cells ' mL~ 1), but rapidly increased to 
more than 3,000 cells ' mL~1 (average of ail depths) by 3 June, just one week before 
the begiming ofthe major incidence ofD. fortii. On 1 1 June, the cell density was 
1 O-fold higher than in the previous week. On June 25, peaks occurred both at the 
surface and at the 10 m depth with cell densities of ca. 107,000 and I 08.000 cells 
' mL~1, respectively. On this date, although the cell density ofD. fortii decreased at 
the I O m depth, the cells in the surface reached a high density in spite of the low 
salinity, as described above. The cyanobacteria remained at a high cell density (ca. 
70,000 cells 'mL~1) during the second occurrence peak of D. fortii on 9 July (Fig. 
3 -H) . As in the previous year, cell concentrations of cryptomonad were variable, 
but cells were ubiquitous in the bay. The concentration increased rapidly and 
synchronously with the occurrence of D. fortii and reached a maximum cell density 
(c. a. 1,200 cells ' mL~1) during the frrst occurrence peak ofD. fortii on 17 June and 
at the surface on 25 June. However, no cells were detected in the bay water during 
the second occurrence (Fig. 3-1). 
In 1 998, synechococcoid cyanobacteria began to appear on 14 May when 
D, fortii frrst appeared, and reached 54,900 cells ' mL~1 (average through all depths) 
two weeks before the frrst peak of D. fortii. The cyanobacteria concentration 
decreased to 14,700 cells 'mL~1 when D. fortii peaked. Only a cell density of 1,700 
to 4,000 cells ' niL~1 were detected in the surface layers when D. fortii had the 
second peak (Fig. 4-H). Unlike other years, the number of ceus of cryptomonad 
did not increase simultaneously with D. fortii. Rather, they occurred continuously 
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in the bay with a cell density of several tens to thousands of cells 'niL~1 (Fig. 4-1). 
In 1999, cells of synechococcoid cyanobacteria appeared at a cell density 
ofmore than 2,000 cells 'niL~1 from the beginning of the survey on 22 April, which 
was the hrSt time that such a high concentration appeared so early in the season. 
The peak cell concentration was at its maximum (1 6,400 cells ' mL~1, average of all 
depths) on 1 7 June, which coincided with a peak of D. fortii. Thereafter, the 
numbers decreased and was modulated with no relation to D. fortii concentrations 
(Fig. 5-H). Cells of cryptomonad showed a patchy distribution in the bay, as had 
been the case in previous years . The concentration increased rapidly together with 
D. fortii and reached to a maximum cell density (430 cells ' mL~1) on 1 7 June at 
15-20 m depth (Fig. 5-1). 
Discussion 
1 . Occurrence ofD, fortii and the simultaneousfactors oftemperature, salinty 
and nutrients 
During the observation period, the earliest detectable occurrence of D. fortii in the 
bay was in late April of 1996, and the latest was in late September in 1 998. The 
nomlal period for its continual presence was generally from May through July. 
lgarashi (1 986) reported on the concentration of D. fortii in Kesennuma Bay in 
l 981. A concentration of more than 20 cells ' L~1 (the level that causes toxicity in 
shellfish), appeared in May and continued until mid July to early August. Results 
in this study have a similar duration of appearance. D. fortii concentrations of 
more than 20 cells ' L~1 occurred from late May or late June and continued until late 
June or early July . 
lh this study, water temperature during the period when D. fortii was 
detected ranged between 7.2 and 20.4'C. These agree with observations by Osaka 
(1985), that is, D. fortii was not observed unless the surfiace water temperature 
exceeded 8"C in Mutsu Bay (northem Japan)(Fig. I ). In this study, the temperature 
range when the concentration exceeded 20 cells ' L~ I was in a range between aimost 
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1 O and 1 5'C, and the concentration dropped afier the temperature exceeded above 
15~C. Igarashi (1986) also reported that the concentration ofD. fortii dropped 
when the temperature exceeded 1 5'C in Kesennuma Bay (Fig. 1), which is located 
to the south of Okkirai Bay. During this study, the temperature during the flfst 
peak was in a very narrow range between I 1.0 and 1 1.7"C throughout the 
observation period. The occurrence more than 20 cells ' L~ I may thus be estimated 
to begin at 10 'C and reach to the peak at 1 1-12 ~C. These results are similar to 
those reported by lgarashi (1986) in which the major peaks (more than 1,000 cells 
･L~1) occurred in the temperature range of 10 to 12~C. Except for one case in 1996, 
cells were not present at salinities of less than 32.9. Nutrient concentrations were 
always low when the concentration of D. fortii frst peaked. The nuinent 
concentration was extremely low in 1 9 9 9 when there was an unusually high 
concentration of D. fortii. 
From the results described above, it can be seen that the frrst peak ofD. 
fortii cells occurs in a very narrow temperature range, at high salinities, and in low 
nutrient concentrations. These observations support the assumption that the cells 
were transp orted with offshore water into Okkirai B ay. 
Okazaki ( 1 990) studied intemal tidal waves in bays at the Sanriku coast. 
He reported that offshore intemal tide propagated into the bays; they occurred 
intermittently and had a duration of several days. He suggested that the timing of 
these waves was closely related to the intennittent vertical displacement of the 
offshore thermocline by intemal long period (several days) waves which 
propagated from north to south along the Sanriku coast. In other words, colder 
water from j ust b elow the offshore thermocline enters intermittently into the b ays 
crawling on the bottoms with semidiurnal or diurnal periods. In this monitoring 
results of continuous water temperature in Otsuchi Bay as shown in Fig. 6, 
intermittent temperature drops in the range of I O- 1 2~C with a diurnal or 
semi-diunral cycle were observed at the I O and 1 5 m depth prior to or during the 
frrst occurrence of D. fortii in Okkirai Bay. These temperature drops are 
considered to be intermittent ingress of the offshore water by intemal tidal waves 
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as indicated by Okazaki (1990). The ingress ofoffshore water into Okkirai Bay 
should have a time delay of about 45 h after the event on Otsuchi Bay . This is 
because Okkirai Bay is located 3 1 kD1 south of Otsuchi Bay and the intemal long 
period waves were estimated to propagate southward at a speed of about 1 9 cm ' 
sec~1 (Okazaki, 1 990). Still, these results strongly suggest that D. fortii is 
introduced from offshore water to Okktrai Bay by the intemal tidal waves. This 
results support those of lwasaki ( 1 986) describing that D, fortii cells were 
transported from offshore region by internal wave movement. This results are also 
consistent with those of Delmas et al. (1992; 1993) in that the maximum 
concentrations of Dinophysis spp , were observed in nutrient-poor offshore water 
in France . 
There are observations on other photosynthetic species of Dinophysis. 
Significant abundances are frequently related to stratification of the water column 
(e, g., Delmas et al., 1992, Peperzak et al., 1996, Reguera et al., 1995). Delmas et 
al. ( 1 992) concluded stratification of sufficient magnitude ( A t >5~C; temperature 
at the base of the upper mixed layer minus that of the bottom layer) and duration 
(>2 weeks) are the factors necessary for an increase in the nuniber of Dinophysis 
cells. In this study, the magnitude of the difference is not as distinct as with their 
results; the major occurrences of D. fortii appeared below significant pycnocline. 
This was most noticeable when the temperature was between 10 and 12'C. Then 
when significant differences between the surface and bottom temperatures ( ~: 
2.6'C) were observed in 1995 and 1 999, the concentration ofD. fortii was high (~ 
1 OO cells ' L~1 at the maximum). However when the temperature difference was 
small (<2.6~C) as in 1996 and 1 998, the concentration was low. These results also 
suggest that the effects of the internal long period wave, which cause the 
stratification of water, and the intemai tidai wave are important factors for 
ingression of D. fortii into the bay. 
2. Relation betuleen possible nutrition forms ofD. fortii and other environmenta/ 
factors 
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Synchronous occurrences of synechococcoid cyanobacteria and cryptomonad 
along with D. fortii were observed in this study. The same kind of phenomenon 
was confrrmed by Giacobbe et al. (1995) for Dinophysis sacculus with 
Synechococcus. This might also be related to an observation that Dinophysis spp. 
bloomed in a situation when chlorophyll a concentrations of nano (<20 u m) and 
pico (<3 u m) size plankton occupied more than 80 and 400/0 Of the total chi, a 
concentration (Delmas et al. 1 993). Photosynthetic Dinophysis contains 
phycobilin as a photosynthetic pignent (Geider and Gunter, 1 989; Hallegraeff and 
Lucas, 1 988; Hewes et al., 1998; Lessard and Swift, 1986; Lucas and Vesk, 1990; 
Vesk et al. , 1 996), though this pigment is peculiar to cyanophyceae, cryptophyceae 
and rhodophyceae, not to dinophyceae. Transmission electron microscopic 
observations revealed the plastid of photosynthetic Dinophysis having pairs of 
thylakoid that are typical for cryptophyceae (H:auegraeff and Lucas, 1 988; Lucas 
and Vesk, 1990; Schneph and Elbrachter, 1988). These results imply that the 
plastids of Dinophysis originated from cryptomonad. However, because no other 
traces of cryptomonad organelles, such as a nucleus or nucleomorph~ have been 
observed in Dinophysis cells, the acquisition and assimilation of cryptomonad 
plastids have been considered to be "long established" (Lucas and Vesk, 1 990), 
However, the plastids and the phycobilin pignents in D. fortii are not uniformly 
present, and cells that are nearly colorless are frequently observed in field-collected 
samples. So it seems that the plastids are not being created within the cell. 
Ishimaru et al. (1988) observed that D, fortii took up cryptomonad cells and 
maintained the pignent for longer periods than those without access to 
cryptomonad cells. Therefore, it is a plausible theory that D. fortii temporally 
acquilfes its photosynthetic pignents by uptake of cryptomonad plastids. If this 
theory is valid, the cyanobacteria (another microalga besides cryptomonad that 
contains phycobilin) could also make a substantial contribution. In this field study, 
the synchronous occurrence of synechococcoid cyanobacteria and cryptomonad 
along with D. fortii was found; synechococcoid cyanobacteria always began to 
appear in high cell density just before the frrst occurrence of D. fortii and the cell 
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density of eryptomonad simultaneously increased with the frrst peak of D. fortii 
except 1998. This designates that cells ofD. fortii introduced in the bay~ were 
always in the circumstance where phycobilin- containing microalgae are avairable. 
Moreover, the cells of D. fortii in this circumstance were filled with phycobilin 
pigment; they contained more pignent than other cells in these microalgal-poor 
water. These indicate that the circumstance that sustains the mechanism 
mentioned in the theory, that D. fortii temporarilly acquires the pigment from these 
microalgae, is sufficiently evolving in the natural environment. And these may 
support the validity of the theory, although this is still not a proven phenomenon for 
Dinophysis and needs exp erimental confinnation . 
Other than the contribution of cryptomonad and synechococcoid 
cyanobacteria, are there any other possible factors that regulate the growth of D. 
fortii in the bay? As mentioned above, the frrst occurrence peaks of D. fortii in the 
bay are caused by offshore waters and intemal tidal waves. However, there were 
other occurrence peaks in inshore waters when the temperature was higher than 
12"C and when the salinity was lower than 33.4, such as the cases of surface on 25 
June 1996, 10 June 1998, and 5-10 m on 17 June 1998. These peaks always came 
after blooms of diatoms and involved an increase in the ratio of NH4-N compared 
to other nutrients. These conditions were considered as suitable for heterotrophic 
nutrition because microscopic observations showed an increase in abundance in 
colorless dinoflagellates (heterotrophic) and protozoa. Taylor et al. ( 1 994) also 
reported that D. fortii was associated with elevated ammonium levels which 
probably refiects an increased heterotrophic activity. in additior~ we found D. 
fortii having food-vacuole organelles, which is evidence for heterotrophic nutrition 
(Koike et a/. in press). Thus, after being introduced into the bay, D. fortii may 
grow heterotrophically, not photosyntheticany. 
From these results and discussions, the following mechanisms were 
supposed for the occurrence ofD. fortii in Okkirai Bay. The cells in the offshore 
water, where the temperature was in the range between I O- 12 ~C and nuinents 
were scarce, grew possibly utilizing synechococcoid cyanobacteria and 
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cryptomonad for their own photosynthesis. When the significant thermocline was 
established at the depth shallower than the bay opening, the cells were introduced 
into the bay by the intemal tidal waves. Some of them were again drawn back to 
the offshore but the remnant in the bay sometimes grew heterotrophically. When 
temperature exceed above 1 5 ~C, they disappears. 
The above proposed mechanisms still include many assumptions. 
Monitoring the field o ccurrence and enviroumental factors together with detailed 
observations and experiments on wild D. fortii cell should be continued. 
Summary 
Occurrence ofDinophysisfortii, a causative of diarrhetic shellfish poisoning, in 
Okkirai Bay located at Sanriku, Iwate, northem Japan was surveyed in 1995, 1996, 
1998 and 1999. Through the whole observation periods, the occurrence ofD. fortii 
in cell density exceeding 20 cells ' L~ I was detected from late May or early June and 
continued until late June or early July. The temperature durirmg these periods was 
in the range between ca. I O - 1 5'C, and the first peak of the season always occurred 
in the very narrow temperature range between 1 1 .O and 1 1 . 7 ~C. Consequently, the 
occurrence exceeding 20 cells ' L~1 was generally estimated to begin at I O 'C and 
reach to the peak at I 1-12 'C. The species was not observed at salinity less than 
32.9. Nutrient levels were always low during the flfSt peak ofD. fortii. Prior to or 
during this occurrence in Okkirai Bay, intermittent temperature drops having a 
diurnal or semi-diurnal cycle in range of 10-12 'C were observed at 10 and 15 m 
depths in Otsuchi Bay locating at 3 1 kn north from Okkirai Bay. These 
temperature drops were considered to be intennittent ingresses of the offshore 
water by intemal tidal waves as indicated by Okazaki (1990). From these results, it 
was suggested that D. fortii was introduced to Okkirai Bay with the ingress of the 
offshore water by internai tidal wave. Other than the relation to temperature, 
salinity and nutrients, synchronous occurrences of synechococcoid cyanobacteria 
and cryptomonad were always observed together with the frst occurrence ofD. 
fortii in the bay. The cells of D. fortii in this circumstance were filled with 
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phycobilin pigment comparing with other cells in water where these microalgae 
were scarce. This may partly support a hypothesis of Ishimaru et al. (1988) that D. 
fortii temporally acquires the pignent from phycobilin-containing microalgae for 
its own photosynthesis. After being introduced from offshore into the bay, D. 
fortii sometimes occurred in rather inshore waters where showed elevated 
ammonium level and abundant occurrences of heterotrophic plankton. Together 
with our another finding that D. fortii have food- vacuoles (Koike et al. , in press), 
it was suggested that D. fortii could grow heterotrophically after being introduced 
in the bay. 
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3. Growth physiology on Dinophysis species 
3 . I . Photosynthesis and plastid of Dinophysis fortii 
Within the genus Dinophysis there are both photosynthetic and non-
photosynthetic species. Lessard and Swift (1986) observed D. fortii cell 
under epifluorescence microscope and recognized it as a photosynthetic 
species because the presence ofred fluorescence emitted from chlorophyll a. 
Subsequent observations using epifluorescence microscope (Lucas and Vesk 
1990), irnmuno-electron microscope technique (Vesk et al. 1996) or micro-
spectrophotometry (}Iewes et al., 1998) on this species suggested a presence of 
phycobiliprotein in its pignents . Transmission electron microscopic 
observations revealed the plastid having pairs of thylakoid which is typicai to 
that of cryptomonad (Hailegraeff and Lucas 1988; Lucas and Vesk 1990). 
These results imply that plastid of D. fortii have originated from cryptomonad. 
Since no other traces of cryptomonad organelle, such as nucleus or 
nucleomorph, have not been observed in D. fortii cell, acquisition and 
assimilation of cryptomonad cell by D. fortii have been considered to be "long 
established" one (Lucas and Vesk 1990). In the case of another Dinophysis, 
presence of alloxanthin, a typicai cryptomonad carotenoid, in D . norvegica is 
thought to be a consistent feature of a permanent endosymbiosis because the 
concentration of the pignent in a cell is constant and there have been no 
observation of phagotrophic uptake of cryptomonad (Meyer-Harms and 
Pollehne 1998). On the contrary, Ishimaru et a/. (1988) observed a 
phenomenon that.Plagioselm is sp . (cryptophyceae) cells attached to surface of 
D. fortii theca and were absorbed, then D, fortii pignent was maintained for a 
longer period comparing to that without Plagioselmis cell. From this result, 
they suspected plastid of D. fortii was temporarily supplied from cryptomonad 
u ptake . 
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Here reports the results of pignent analysis of Japanese D. fortii, 
observation on variation of the plastid and the photosynthetic activity, which 
support the theory of Ishimaru et al. _ 
Materials and Methods 
lh vivo fluorescence spectral measurement ofD. fortii 
Plankton sample was collected by a vertical hauling of 20 um mesh plankton 
net ftom 25 m depth at Okkirai bay, Sanriku, Iwate, Japan in 30 June 1 996. 
Next day of the collection, the sample was brought to Techno Research Center, 
Hitachi lristruments Engineering Co., Ltd, Ibaragi Prefecture for in vivo 
fluorescence spectral measurement. Totaily each four alive cells of D. fortii 
were isolated from the sample by capillary pipette and transferred to a 
seawater droplet on a non-fluoresced slide grass by ones, and placed with a 
cover slip. in vivo fluorescence spectra were obtained from the each ofD. 
fortii cells, using U-6500 microspectrophotometer (Hitachi, Japan). Each 
spectrum given by a filter set B which consisted of 420-490um excitation filter, 
5 1 Oum beam splitter, 520um barrier filter, and an another filter set G consisted 
of 5 10-560nm excitation filter, 580um beam splitter, 590nm barrier filter, was 
taken , 
Measurement ofphotosynthetic activi~/ ofD. fortii collected in Okkirai Bay 
and Mutsu Bay 
Verticai net haul samples were taken at Okkirai bay in 1 7 Jun 1997 and 10 Jun 
1 997 at Mutsu Bay, Aomori Pref. Japan. Cells ofD. fortii were isolated from 
the samples by capillary method. Photosynthetic activity (abbreviated PSA 
thereafter) of 50 cells were measured by 14C method described by Rivkin and 
Seliger ( 1 981) with somewhat modification. The procedure was as follow: 
the cells were picked up and transferred to a glass viai containing 5 mL of 
filtered (0.20 um) seawater, and then 250 uL of 2.4 mM NaH14C03 (Dupon, 
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USA) that equivalent to I .85 x 105 Bq as radio activity was added to the vial. 
The vial was incubated under condition of 1 3 'C, 95 uE m~2 sec~1 with cool-
white fluorescence lamps. After 4 h incubation, 200 uL of 25 o/o 
glutaraidehyde was added to stop the carbon fixation, then the cells were 
retrieved and washed two times in filtered seawater by capillary method. All 
the cells retrieved were transferred to a drop of O. I N HCI in a 7 mL plastic 
scintillation vial. The open viai was placed on 70 ~C hot plate for I hour and 
next futned in a desiccator over a 50 mL beaker of conc. HCI for an over night. 
The vial was then placed, in fume hood for 2-3 hours to remove all HCI vapor. 
5 mL of scintillation cocktail (Ultima Gold LLT, Packard, USA) was added to 
the vial and the activity was measured for 1 5 min, by liquiid scinfillation 
counting in a Packard Tri-Carb model 1 500 Iiquid scintillation counter with 
the standard 14C chaunel. Counting rate was corrected for quench (external 
and internai standard method) and background. As a background sample, 2-
3 drops of the final washing seawater was added to another vial and also 
processed above procedure to assess any possible contribution to sample 
activity. Carbon fixation level ofeach D, fortii was presumed to be possibly 
too low for sufficient counting, so all retrieved cells were put into one viai to 
eliminate counting error, 
Epifluorescence microscopic observation for the plastid condition was 
condueted for each ten cells of D, fortii collected from the same samples used 
for above PSA measurement as described below. 
Eplfluorescence microscopic observation ofD. fortii collected in various 
sampling date 
D. fortii cells were collected by vertical net hauling of 20 um mesh plankton 
net from 25 m depth, as a part of a field survey for occurrence of D. fortii at 
Okkirai Bay conducted mainly in summer season in 1996 and 97. 
Epifluorescence microscopic observation was conducted under blue light 
excitation using Olympus BH2-RFC epifluorescence microscope equipped 
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with filter setting as follow; 455 - 490nm excitation filter, 500 nm beam 
splitter. Micrographs were taken using Olympus PM- I OAD auto-camera unit, 
with several degrees of manual exposure. 
Results 
In vivo fluorescence spectral measurement ofD. fortii 
Fig, I shows in vivo fluorescence spectrum ofD. fortii obtained from the 
measurement using filter set B . Corresponding spectrum using filter set G is 
also shown in Fig, 2. 
A peak at 680 nm which typified chlorophyll a and another small peak 
at 580 um were observed in the spectrum (Fig. 1), The latter can be ascribed 
to a phycoerythrin (Rowan 1 989). Emission ofphycoerythrin was increased 
by filter set G (Fig. 2), though, its peak maximum was cut off by the beam 
splitter of this filter set, In this spectrum, a peak shoulder at 620 nm which 
might be assignable to that of phycocyanin (Rowan 1989) appeared but could 
not be concluded. 
Measurement ofphotosynthetic activi~/ ofD. fortii collected in Okkirai Bay 
and Mutsu Bay 
Epifluorescence micrographs and PSA of D. fortii collected in Okkirai Bay 
and Mutsu Bay were shown (Fig. 3). All the cells collected in Okkirai Bay 
were filled with numerous brown plastids and emitted brilliant orange 
fluorescence from all part of the cell. Calculated rate ofPSA of the cell was 
213pg C cell~1 h-1(but could not know the deviation). On the contrary, the 
cells in Mutsu Bay emitted weak fluorescence from small number of the 
plastids and no PSA was detected in these cells in spite they swam actively. 
Epifluorescence m icroscopic observation ofD. fortii collected at various 
sampling date 
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Epifluorescence micrographs ofD. fortii under blue light excitation are shown 
in Figs. 4-1 1 . 
Almost all the cells emitted yellow-orange fiuorescence, indicating 
presence ofphycobiliprotein in their cells. Cells shown in Figs. 4 and 5 
which were collected in different days (1 1 and 1 7 June 1996 respectively) near 
a peak of occurrence of D. fortii in 1 996, emitted bright orange fluorescence 
from almost all part of the cell without the center, though, the forms of their 
fluoresced organelle were broadly different, that is, the fonn in Fig. 4 was 
granuiated, and that ofFig. 5 was rod shaped. A cell shown in Fig. 6, 
collected in a day (16 July 1996) when D. fortii rapidly vanished from the bay, 
was filled with distinct fluoresced granules. The colors and the fonns ofthe 
fluorescence ofD. fortii cells collected in 3 O July 1 996 when it almost 
disappeared from the bay, varied widely among the cells as shown in Figs. 7-9. 
Especiaily, a cell shown in Fig. 7 did not emit yellow nor orange fluorescence 
but red fluorescence due to chlorophyll a. Similar type of the cell was also 
shown in Fig. 8, though, in this case of the cell, orange fluoresced granules 
were scattered around the center ofthe cell. The color and the form of the 
fluorescence of a cell in Fig. 9 was similar to that ofFig. 6. Fig 10 shows 
close-up ofthe antapex part ofa cell collected in 3 July 1996. Fine granules 
of about 2 um diameter which emitted yellow-orange fluorescence are 
observed in this figure. These kinds of granules are also seen in Fig. 1 1 
which shows cyioplasm squashed from a cell. In this figure, granules 
fluoresced orange or red. 
Discussion 
Phycoerythrin and chlorophyll a were confirrned to b, e contained in D. fortii 
collected in Japanese water. Emission peak ofthe former was at 580 nm and 
this property was same to the one's collected in California as indicated by a 
result ofHewes et al. (1998). D. fortii collected in Okkirai bay possessed 
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high ability of photosynthesis and the rate (213 pg C cell~1 h-1) was rather high 
comparing to those of other dinoflagellates (for values of other Dinophysis 
spp., see Graneli et al., 1 995. For other dinoflagellates, see Rivskin and 
Seliger, 1981). From these results, D. fortii was proved to possess 
photosynthesis system activated with phycoerythrin as an antenna pignlent. 
On the other hand, D. fortii collected in Mutsu bay had only small numbers of 
the plastids and no PSA in spite it was collected during the bloom in the bay, 
and swam actively. This implies that D. fortii possesses a mode of 
heterotrophic nutrition other than photosynthesis and the photosynthesis is not 
indispensable for its survive. 
Extraordinary wide variation of the plastid was also observed on the 
cells collected at the different days in Okkirai bay. Hallegraeff and Lucas 
(1988) reported that actively growing cells contain numerous plastid and 
senescent cells exhibit reduced pigmentation. This seems to be one ofthe 
answers to explain the plastid variation. However, I sometimes experience a 
few D. fortii cell grow to 40-60 cells in some culture experiments, but this 
kind of the cell never be filled with plastid, rather seemed to be "colorless" in 
spite it grow actively. I rather consider that the plastid ofD. fortii is not 
stable characters as expected to be in other phototrophic aigae. 
Then, are the plastid and the function of photosynthesis considered to 
be established within D. fortii cell ?. Origin ofthe plastid is apparently 
derived trom cryptomonad because both plastid have cruciai same characters, 
pak of thylakoid, terminal pyrenoid, and possess same phycoerythrin property 
(Hallegraeff and Lucas 1988; Lucas and Vesk 1990; in this study), and has 
been explained to be resulted from permanent symbiosis of cryptomonad 
because no trace of other organelle is observed within D. fortii cell. However, 
selective retention of cryptomonad plastid within other dinoflagellate cells, 
such as Gymnodinium aeruginosum (Schnepfet al. 1989) or Pfiesteria 
picicida (Lewitus et aJ. 1 999), was reported. This kind of selection 
mechanism have also been known in ciliates (Stoecker et al. 1988; Stoecker 
88 
and Silver 1990) 
Ishimaru et al. (1 988) observed a phenomenon that D. fortii took up 
Plagioselmis sp . (cryptophyceae) cells, then D. fortii pignent was maintained 
for a longer period comparing to that without Plagioselm is cell. From both 
their result and the results in this study, that is , D, fortii possesses 
cryptomonad phycoerythrin, and its plastid and resulting PSA are not stable 
characters but dispensable ones, I again hypothesize here that D. fortii 
"temporally" takes up cryptomonad and photosynthesize by using acquired 
plastid as already evoked by Ishimaru et al. 
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Fig I . In vivo fluorescence spectra obtained from Dinophysisfortii. 
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Fig 2. In vivo fluorescence spectra obtained from Dinophysisfortii. 
A spectrum obtained from filter set G (5 1 0-560um excitation filter, 
























Fig 3 . Light and epifluorescence micrographs ofD. fortii collected from Okkirai 
(upper column) and Mutsu (lower column) Bays with values oftheir photo-
synthetic activity (PSA). The upper micrographs of each column are light and 
the lower are epifluorescence of same field of the upper. 
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Figs. 4-1 1 . Epifluorescence micrographs ofD, fortii collected from Okkirai Bay 
in different days . 
Figs. 4-6. Cells collected in 1 1 June, 1 7 June and 1 6 July 1 996 respeetively. 
Figs. 7-9. Cells collected in 30 July 1996. Fig 10. Close up ofantapex region 
of the cell collected in 3 July 1996. Fig 1 1 . Cytoplasm squashed from a cell. 
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3. Growth physiology on Dinophysis species 
3 . 2. Evidence of phagotrophy in Dinophysis fortii 
Because information from culture experiments is very limite~ observations on 
the intercellular character of wild Dinophysis cells have been a valuable source 
of information for detennining their nutritional physiology. Details on 
intercellular characters for both phototrophic and heterotrophic species were 
explored through observation under a transmission electron microscope (TEM) 
by Hallegraeff and Lucas (1988). These observations showed cryptophycean-
like plastids in the phototrophic species and food vacuoles in the heterotrophic 
species. Subsequent reports conducted on phototrophic Dinophysis spp , have 
focused mainly on possible acquisition mechanisms and characteristics of the 
plastids . Jacobson and Andersen ( 1 994) obtained another interesting result, 
which offers an insight on aspects of the nutrition of phototrophic Dinophysis. 
They found food vacuole, which is evidence of phagotrophy, in two 
phototrophic Dinophysis (D. acuminata Clapar~de et Lachmann and D. 
norvegica Ehrenberg) . This indicates that Dinophysis have complicated 
nutritional mechanisms, and suggests that other phototrophic Dinophysis may 
have a nutritionai mode in addition to photosynthesis . 
We observed cells of D. fortii (a phototrophic Dinophysis) under TEM 
and also observed true food vacuoles. Here we report on the properties of the 
food vacuoles. Jacobson and Anderson frrst reported finding heterotrophic 
nutrition, and our results increase the number of species where food vacuoles 
have been observed. We also performed a feeding experiment and documented 
further evidence of phagotrophy in a phototrophic Dinophysis. In this 
experiment, D. fortii were fed FITC-1abeled synechococcoid cyanobacteria, and 
D. fortii took up the cyanobacterial cells. In this paper we will document these 
findings, and will discuss their implications. 
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Materials and Methods 
Observations on wild D. fortii cells under a TEM 
Cells of D. fortii were collected with a plankton net (20um mesh) hauled 
vertically ftom 20m depth in Okkirai Bay, Sanriku, Japan, on May 26, 1999. 
Live swirnrning cells were isolated by capillary pipette. The cells were fixed in 
2.50/0 glutaraidehyde, O. I M sucrose in O. I M cacodylate buffer for one night at 
4~C . After several washings in the buffer without the fixative, cells were post-
fixed in I o/o Os04 for one hour at 4'C followed by several washings in the buffer. 
The cells were stubbed in I o/o agarose, and then dehydrated in a graded series of 
ethanols and embedded in Spurr's resin. Ultrathin sections were cut with an 
LK13-8800 Ultratome using a diamond knife. Sections were stained with 
saturated uranyl acetate in 500/0 ethanol for 3 O minutes and lead citrate for 3 
minutes. Observations were made with a JEOL JEM- I OOS transmission 
eleetron microscope operating at 80 kV. 
Observation ofphagotrophy on cyanobacteria by D. fortii 
For this experiment, cells ofD. fortii were collected on July 9, 1 995, in the same 
mamer described above in Okkirai Bay. Synechococcoid cyanobacterial were 
obtained from a water sample eollected from the 5 -m depth in Okkirai Bay and 
were isolated by a serial'dilution method. Cells were maintained in SN medium 
(Waterbury et al. 1 986). One ofthese strains, OKNP950626, isolated on June 
1995, was used for the experiment described below. This strain was tentatively 
identified as Synechococcus sp . However, as the name could not be confinned, 
it will hereafter be referred to as a "synechococcoid cyanobacteria." 
For staining the eyanobacterial cells, fluorescein isothiocyanate (FITC)-
conjugate antibody against the cell surface of OKNP950626 was prepared. The 
cells obtained by mass culture of OKNP950626 were immunized biweekly into 
female rabbits according to a method described by Campbell et aJ. (1983). After 
50 days, antiserum was obtained and subjected to DEAE Affi-gel Blue affimity 
chromatography (Bio-Rad Corp., USA) for lgG purification followed by 
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conjugation with FITC according to Kawahara et al. (1986). Then, 200 uL of 
FITC Iabeled anti-OKNP95026 antibody was added directly to 10 mL of an 
early log-phase culture of OKl~)950626. The culture was then maintained for 
1 .5 h in darkness. After confirming that the cells fluoresced FITC green under 
an epifluorescence microscope, the excess antibody was washed offwith several 
centrifugations with filtered seawater. Various concentrations of these FITC-
labeled cells were added to wells ofmulti-well plates (24 wells) where 2 to 3 D. 
fortii cells were inoculated, and incubated at 1 5.0'C in the dark. After several 
days, D. fortii cells were retrieved with a capillary pipette and observed under an 
epifluorescence microscope with blue light excitation. 
Results 
Observation on wild D. fortii cells with a TEM 
In our observations, both food vacuoles and plastids were found in all the 
examined cells of D. fortii (10 cells). Food vacuoles were situated peripherally 
and were absent in the center ofthe cells (Figs. 1,2). Under a light microscope, 
they were recognized as colorless globules. 
Observation results on the contents of the food vacuoles were as follows. 
Almost 700/0 of observed food vacuoles were characterized by membranous 
profiles (Fig. 3), and the rest presented a homogenous appearance (Fig. 4). Both 
types occurred within a cell simultaneously (Fig. 2). Also, some food vacuoles 
had an appearance intermediate between both; consequently, it is believed that 
the food vacuoles with homogenous contents are those in which digestion has 
already occurred. 
Except for the food vacuoles where digestion had occurred, most of the 
food vacuoles contained mitochondria (Figs. 3,5-7). Two kinds ofthe 
mitochondria were observed, one had lamellar cristae (Fig. 5) of c. 28.8 nm 
thickness and the other had tubular cristae (Fig. 6) ofc. 33.3 nm diameter. Both 
types occurred simultaneously within the same food vacuole (Fig. 7). In the 
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food vacuoles where digestion had occurred, these structures could not be 
clearly observed. The characteristics ofthe mitochondria in the food vacuoles 
were different from the mitochondria of D. fortii. The later are characterized as 
having an ellipsoidai shape and a sparser arrangement of the cristae (Fig. 8). 
About 300/0 of observed food vacuoles contained lipid droplets with uniform 
content (Fig. 9). These kinds of droplets were also observed within the 
cyioplasmic region of D. fortii, and there were no differences between those in 
the food vacuoles and those in the cyioplasm. Food vacuoles where digestion 
had occurred did not have such droplets. Electron-lucent inclusions having a 
round form with membrane like invaginations were recognized in 200/0 of the 
food vacuoles (Fig. I O). Other unusual inclusions, clusters of double 
membrane-bound granules were found in a few of the food vacuoles (Fig. 12). 
These granules had electron-dense, round but irregular shaped contents . 
In addition to food vacuoles; we observed paracrystalline vesicles having 
regular arrays of hollow filaments (c. 15.5 nm in width and c. 12.3 nm in 
spacing), outside the food vacuole (Fig. 1 3). They resembled the vesicles shown 
in the figures by Jacobson and Andersen (1994; Figs. 1 6-19). Those vesicles 
were found in both food vacuoles and the cyioplasmic region ofD. acum inata, 
but the spacing was narrower. In our observations, vesicles were not observed 
in the food vacuoles. Pusule have has been recognized to relate to uptake or 
evacuation of extra- or intercellular substances. They were found in a relatively 
small form in all D. fortii cells observed (Fig. 14). The opening of the pusule, 
called a "cyiostome" by Jacobson and Andersen (1994), was also observed in all 
the cells. In one cell, bacteriai cells were trapped in this area (Fig. 1 5). 
Observations ofphagotrophy on cyanobacteria by D. fortii 
After D. fortii cells were incubated two days with the FITC Iabeled 
synechococcoid cyanobacterial cells, green fluorescing granules, namely cells of 
the cyanobacteria, were observed in the D. fortii cells under an epifluorescence 
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microscope (Fig. 1 6). The maximum number of cyanobacteriai cells detected in 
one D. fortii cell was six. The process ofuptake could not be observed. 
Discussion 
Jacobson and Andersen (1994) reported finding food vacuoles in D. acuminata 
and D. norvegica. In this study we have shown that food vacuoles are also 
sometimes present in D. fortii cells . The mitochondria in the food vacuoles had 
a different morphology from those in the D. fortii cyioplasm. This indicates that 
the mitochondria came from the uptake of other organisms. Thus, these 
vacuoles are not autolyiic accumulation bodies but are "true" food vacuoles. D. 
fortii has been shown to possess plastids (Hallegraeff and Lucas 1 988; Lucas 
and Vesk 1 990) and to be phototrophic (Koike et al. , submitted in Phycologia). 
It is now clear that it has two modes of nutrition (phagotrophic and 
phototrophic) . This is also well supported by the observation of phagotrophicai 
uptake of cyanobacterial cells by D. fortii. 
Still, our results did not identify the prey organisms in the natural 
environment. Jacobson and Anderson (1996) found remnants of ciliates (parts 
such as the basai body, cilia, macronuclei, kleptoplastid, cup-shaped starch plate, 
and cylindricai extrusome) in the food vacuoles of a variety of dinoflagellates 
(Alexandrium ostenfeldii (Paulson) Baiech et Tangen, GonyauJax diegensis 
Kofoid, Amylax sp., and Ceratium longipes (Bailey) Gran. Jacobson and 
Andersen (1994) also reported that the food vacuoles of D. acuminata and D. 
norvegica contained same kind of cup-shaped starch and a characteristic 
extrusome, and so concluded they preyed on ciliates. In our observations, we 
did not detect any remnants of ciliates, including the cup-shaped starch plates 
that were so frequently seen in the observations of others . The food vacuole in 
one cell (shown in Fig. 1 1) seemed similar to those ofD. acuminata. It had cup-
shaped electron-1ucent spaces, but no starch was seen in these spaces. 
Nevertheless, the existence of large amounts of foreign mitochondria implies 
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that the food in the vacuoles were derived from large prey, and if this is true. D. 
fortii takes up large prey, such as ciliates by myzocyiosis as already indicated 
for D. acuminata or D. norvegica by Jacobson and Andersen (1994). 
How is the uptake of synechococcoid cyanobacteria by D. fortii in our 
observation explained? There must be a mechanism of uptake of particulate 
matter, other than myzocyiosis by a feeding tube. This mechanism would 
probably rely on the cyiostome because bacterial cells were trapped in this area 
(Fig. 1 5). Then, why there were no remnants ofparticulate organisms in the 
food vacuoles? It might to be supposed that D. fortii fonns food vacuoles when 
it preys on large organisms aiid distributes particulate matter in the cyioplasm 
when it preys on such organisms. This would be supported by the observation 
that there were bacteriai cells in the cyioplasm ofD. fortii (Lucas and Vesk 
1990). 
The food vacuoles in D, fortii cell are not a consistent feature. We have 
repeatedly observed cells under TEM that were collected in the same bay, but 
had not previously observed these organelles. In spite of several reports from 
TEM observations on D, fortii (Hallegraeff and Lucas 1988; Lucas and Vesk 
1990), no food vacuoles had ever been reported. This suggests that D. fortii 
switches its nutritional mode according to the surrounding environment. After 
succeeding in observing the uptake of synechococcoid cyanobacteria by D. fortii, 
the same experiment was performed on a larger scale to obtain TEM specimens 
for more detailed observation, but D. fortii did not take up the cells in the second 
experiment. This faiilure might be related to the state of its nutritional mode at 
that time. 
Our observations show that D. fortii can be added to the list of 
mixotrophic Dinophysis and clarifies the nutritional strategy ofD, fortii. From 
the standpoint of predicting DSP incidents, there must be further research to 




We thank Yoshihito Kida and Tomohiro Inoue for their observations on 
cyanobacteriai uptake, and Yoshihito Fujita for discovering the food vacuoles. 
We thank aiso to Dr. Madelon Mottet for rewriting on the manuscript. This 
study was partly supported by a grant-in-aid from Kitasato University and by a 
Sasagawa Scientific Research Grant. 
100 
e ~F:ti.' ; ~:~:~L::~I~j ' 'L~ 1( ~ l ~'_~:"~ L~~{'~L~{Ld"' ' ~",:~_~: ii't;~ ' ~ e 
rit~'i ~ '~,~:~~ ~i~- ~~ : '1~ ' ~~* f *~~.*F*''*" *~ /~~~.,,tl ' '~*~+ ~ 




~ __t_=j¥~$L ~ ~;t'~~; ' S:(e-~ . * ~:~~;.Z'~~:rt~' 1 





~:/~ ~i ~' ~' 
. .L:: ~~j~!"~j~L:;~~~L~-! I / ,L:ia;~i~~~jt'~ ' ~~ 
Le~_j' '!k~!{i$"I" _ .,~: IL -"~;~:;:::i~: i :je~i~::~~e!i:f:~?~~~-'-~"" /~ '~~~~ 
- 
' =~:' '~ f~: l_'~~ 
~~~:'~; ;i '~: ~f'~ 
~: ' ;1~::~(':~~i 2:oc -~f{::e,!1 "/ f~: ~ ~9! k ~i ~~ ~i~-;'.' ll¥ i~!~~".~~~A~~:~i~ -
' ~~l~ h_ ' _t~; l' ' ';' '_ ' ' " . :~: j - ' '~'r"" "; ' ~'= :~L *. . . ~~}}' ~- ' ~ ,. _ ~r~:e]i::~~E~~ 
' ~'f 
" ~1L~~;:1L'~' "'1" ' 1: 
~1~tT~:~~:ij ' ~i ~:~ ;!' -_' ~;:~:1 
" L¥~a~i ~_ _" ~ ~ lr ~l::':f~~!'Ll 'r 
'/~~¥~'~* 
V/~10um~~' ' ~ 
' /~~~~~~ 
Figs 1-8' Transmission etectron micrographS OfDinophysisjbrtii' 
~:. 
Fig. I . Longitudinal section showing a large nucleus (n) and food vacuoles (arrows). Fig. 2 . Lateral section 
showing food vacuoles (arrows). Fig. 3 . Food vacuole showing membranous profile and containing 
mitochondna (arrows). Fig. 4. Food vaeuole showing homogenous appearance. Fig. 5 . Mitochondrion 
in food vacuole having lamellar cristae. Fig. 6. Another type ofmitochondnon in food vacuole having 
tubular cristae, Fig, 7. Cluster ofmitochondria in fbod vaeuole showing that both type ofmitochondna, 
one having lamellar type cristae (a large arrow) and another having tubular type cristae (small arrows), occur 
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Figs. 9-12. Sections of food vacuoles. 
Fig. 9. Food vacuole containing lipid droplets with uniform content (arrows). They are also observed 
outside ofthe food vacuole. Fig. I O . Food vacuole having electron-lucent inclusion (an arrow) having 
a round form with membrane-like invaginations. Fig. 1 1 , Food vacuole showing cup-shaped electron-
lucent spaces, though, no starch is seen in these spaces (see text). Fig. 12. Cluster of double 
membrane-bound, electron-dense granules in food vacuole. 
Fig. 13. Paracrystalline vesicles (arrows) having regular arrays of hollow filaments. Fig. 14. Section 
showing cyiostome (cy) Fig. 15. Close up ofcyiostome area, At least three bacterium (arrows) are 
trapped in the area. 
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Fig 1 6. Epifluorescence micrograph ofDinophysis fortii 
containing a FITC fluorescing dot (an arrow), namely 
FITC-labeled synechococcoid cyanobacteria. 
l 03 
3. Growth physiology on Dinophysis species 
3 . 3 . Contribution of cryptomonad and cyanobacteria for 
photosynthesis of Dinophysis fortii. 
Photosynthetic Dinophysis contains phycobilin as a photosynthetic pigment 
(Geider and Gunter, 1989; Hallegraeff and Lucas, 1988; Hewes et al., 1998; 
Lessard and Swift, 1986; Lucas and Vesk, 1990; Vesk et al., 1996; In this study), 
though this pigment is peculiar to cyanophyceae, cryptophyceae and 
rhodophyceae, not to dinophyceae. Transmission electron microscopic 
observations revealed the plastid of photosynthetic Dinophysis having pairs of 
thylakoid that are typicai for cryptophyceae (Hallegraeff and Lucas, 1988; Lucas 
and Vesk, 1990; Schneph and Elbrachter, 1988; In this study). These results 
imply that the plastids ofD.inophysis originated from cryptomonad. However, 
because no other traces of cryptomonad organelles, such as a nucleus or 
nucleomorph, have been observed in Dinophysis cells, the acquisition and 
assimilation of cryptomonad plastids have been considered to be "long 
established" (Lucas and Vesk, 1990). However, the plastids and the phycobilin 
pignents in D. fortii are not uniformly present, and cells that are nearly colorless 
and do not photosynthesize are frequently observed in field-collected samples. 
So it seems that the plastids are not being created within the cell. Ishimaru et 
al. ( 1 988) observed that D. fortii took up cryptomonad cells and majmtained the 
pigment for longer periods than those without access to cryptomonad cells. 
Therefore, it is a plausible theory that D. fortii temporally acquires its 
photosynthetic pigments by uptake of cryptomonad plastids . If this theory is 
valid, the cyanobacteria (another microaiga besides cryptomonad that contains 
phycobilin) could also make a substantiai contribution because uptake of 
synechococcoid cyanobacteria by D. fortii was already confirmed. Moreover, 
in the field study conducted in Okkirai Bay, we found the synchronous 
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occurrence of synechococcoid cyanobacteria and cryptomonad along with D. 
fo rti i. 
lh this study, we experimentally try to prove the hypothesis that D. fortii 
temporally acquires both synechococcoid cyanobacteria and cryptomonad and 
assimilates them as own plastid, We designed the experiment as following; 
cultures of cryptomonad and cyanobacteria were added to D. fortii that nearly 
colorless and less photosynthesize. After incubation, change ofplastid 
morphology and amount of D, fortii were observed. To confinn the acquisition 
of the phycobilin into D. fortii cell, antibodies against each microaigai 
phycobiliprotein were established and used for irDmuno- Iocaiization of 
phycobiliprotein. Together with these observation, we measured change of 
photosynthetic rate ofD. fortii cell. Here we described these results. 
Materials and Meth6ds 
Punfication ofphycoerythrin from synechococco id c.vanobacteria. 
Ca. 67 L of culture of synechococcoid cyanobacteria (OKNP950626) in SN 
medium (Waterbury et al. 1986) was centrifuged and the cell pellet (c. 16.9 g) 
was obtained. The pellet was homogenated in PBS (made from K salt; pH 6.5) 
by using grass- bead homogenizer (7400 Tubingen, Edmund Co. ) for one min. 
The homogenate was filtered to remove cell debris . The extract thus obtained 
was subjected to sait-out in 20-40 o/o ammonium sulfate. Precipitate containing 
phycobiliptotein was dialyzed in cellulose tube against I mM PBS (pH 6.5) for 
one night at 4 'C, concentrated with polyethyleneglycol 20,000 and subj ected 
gel-chromatography using Sephadex G-100 (1 .6 x 75 cm, Phannacia Co. ). 
Eluted ftactions were monitored absorbance at 545 um and 280 nm. The 
ftactions having ratio of Abs545/ Abs 280 higher than 4 were combined and 
subj ected to ion-exchange chromatography using Q-sepharose ( I . 6 x 1 5 cm, 
Pharmacia Co. ) . Elution was conducted at liner gradient from O M to I M of 
NaCl concentration in ImMPB. Fractions having ratio of Abs 545/ Abs 280 
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more than 6 were combined_ The purified phycoerythrin thus obtained was 
identified as CU-PE Type lll (Rowan 1989) from its absorbance spectrum and 
the concentration was determined using coefficient E = 1 1 4 x I 0~4 (Rowan 
1989). 
This phycoerythrin is abbreviated as "SPE" thereafter. 
Punfication ofphycoerythrinfrom Plagioselmis sp. 
Ca. 84 L of culture of Plagioselmis (OK-Cr-B2) in T1 medium (Ogata et al., 
1 988) was centrifuged to collect the cell. But during the centrifugation, cell 
was squished and phycoerythrin was leaked to the supernatant. The protein in 
the supernatant was precipitated with 60 o/o saturated ammonium sulfate but 
phycoerythrin was retained in the supernatant. The supernatant was 
concentrated by ultrafiltration (MW 10,000, Advantec Co. ) to c. 20 mL. The 
filteration was repeated with addition of 20 mM PB (made from K salt) until the 
all buffer was changed. It was then subj ected to gel-filtration using Sephadex 
G-100. Eluted samples were measured Abs 545/Abs280 and combined them 
having the ratio more than 4 . From the measurement of absorbance spectrum, 
purified phycoerythrin was identified as Cr-PE 545 (Rowan 1989). The 
concentration was detennined using coefficient ofE1'/,tc~=126. This 
phycoerythrm rs abbrevrated as "PPE" thereafter. 
Establishment ofantibody 
Antibodies against the SPE and PPE were obtained as the following (750 ug and 
5 5 ug for SPE and PPE respectively) was mixed with Freund adjuvant complete 
(Difco Co.) and injected subcutaneously to female rabbit. After boosting by 
repeated weekly injections, anti-serum was obtained. The serum was subjected 
to DEAE Affi-gel Blue affinity chromatography (Bio-Rad Co.) for lgG 
purification followed by conjugation with FITC according to Kawahara et al. 
(1986). Cross reaction ofeach obtained antibodies was checked by 
Ouchtaurlony method against both SPE and PPE. 
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Incubation experiment 
Cells ofD. fortii were colle6ted at Mutsu Bay in 10 Jun 1 997 by vertical haul of 
plankton net. The cells were picked up by capillary method and 1 1 O cells were 
inoculated to each well ofmulti- well plate (6 wells, Coming Co.) containing 4 
mL of 1/10Kmedium (Keller et al., 1 987). Totally 6 wells were made, 
Cultures of synechococcoid cyanobacteria (OKNP950626) and Plagioselmis sp. 
(OK-Cr-B2) were added to each two wells for one at the concentrations of I 07 
cells mL~1 for the cyanobacteria and 5 x l05 cells mL~1 for Plagioselmis. Two 
control wells without addition ofmicroalgal cultures were set. This plate was 
maintained under 14 "C and 50 uE m~2 sec~1 for two weeks. 
Micrographs both light and epi-fluorescence were taken for the cells 
prior and after the incubation according to the method described in Chapter 
3-2-1. 
Reaction ofthe anti-phycoerythrin antibodies to section ofD. fortii 
After the incubation, each 5 O cells of D. fortii were retrieved ftom each well. 
The cells were washed several times in artificial seawater and mixed equal 
volume of fixative (O.5 o/o glutaraldehyde 2 o/o Para formaldehyde 7 o/o sucrose in 
0.1 M PBS). After I O min, fixed cells were rinsed by centrifugation with O.1 
M cacodylate buffer for three times. The cells were then stubbed in 2 olo 
agarose and dehydrated through graded series of ethanol. After dehydration in 
100 o/o ofethanol, they were stubbed in Spurr's resign. Polymerization ofthe 
resign was conducted at 60 ~C for 48 h. 
Sections of D. fortii was obtained by cutting using ultramicrotome 
(Ultratome 8800, LKB Co. ) and mounted on slide grass. After etched with 
5 o/o NaOH in ethanol: propylene oxide = I : I to remove the resign on the 
section, the section was blocked with 3 */o BSA in M/15 PBS for 30 min and 
washed repeatedly in the same buffer without BSA. Inununolabeling was 
conducted by dropping l/10 diluted antibodies (anti-SPE antibody and anti-PPE 
1 07 
antibody) onto the section and incubating for 30min. at 37'C. After washing 
in the buffer, Iabeled section was observed under epifluorescence microscope 
with blue light excitation. 
Measurement ofphotosynthetic rate after the incubation 
D. fortil after the incubation experiment described above was subjected to 
measure its photosynthetic rate according to 14C method as describe in Chapter 
3-2- I . 
Results 
Incubation experiment 
Fig. I . shows the morphology of the plastid ofD. fortii prior to the incubation 
experiment. As showa in the figure, we obtained the cell containing less 
plastid comparing to ordinary cell occurring in Okkirai Bay as shown in Chapter 
3-2-1. Reason for the less plastid is unkuown but these cells were seemed to be 
very active because they swam actively. After the two weeks incubation, the 
plastid condition did not change on the control cells (incubating without addition 
of microalgae) as shown in Fig. 2. On the contrary, the plastid condition of 
cells incubating with Plagioselmis changed dramatically; they had granular 
plastid and the volume also increased comparing to the both cell of initial (prior 
to the incubation) and the control (without microalgae). The plastid condition 
of the cells incubating with the cyanobacteria changed aiso; they had 
filamentous shape and the volume aiso increased as shown in Fig. 4. 
Reaction ofthe anti-phycoerythrin antibodies to section ofD. fortii 
As shown in Fig. 5 . , anti-SPE antibody strongly react to SPE and anti-PPE 
antibody has more or less weak but apparent reaction against the PPE. The 
anti-SPE antibody also has weak reaction against PPE but the lines is not fused 
to that of anti-PPE antibody vs . PPE, so concluding as that the reaction site of 
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both antibodies are different. 
After the incubation with the microalogae, the cells of D. fortii were 
retrieved and subj ected to the immunolabeling using anti-SPE and PPE 
antibodies. Fig. 6. shows the result. Both anti-SPE and anti-PPE antibodies 
did not react to the cell incubating without microalgae (Fig. 6-a) . Only 
anti-SPE antibody reacted for the cells incubathg with the cyanobacteria, and 
anti-PPE antibody reacted to those with Plagioselm is. 
Measurement ofphotosynthetic rate after the incubation 
Fig. 7 . shows the results of photosynthetic rates of D. fortii prior and after the 
incubation. May as indicated by the plastid conditions, no photosynthesis were 
detected on the cell of the initiai of the incubation and the that incubating 
without addition ofthe microalgae. On the contrary, drastic increase ofthe 
photosynthesis for the cells incubating wiih the cyanobacteria or Plagioselm is; 
ll the values were detected as 46 pgC cell~ h~ and 57 pgC cell~ I h~ I respectively. 
Discussions 
D. fortii cells used in this study had less plastid than those ordinary observed, 
and resulted in showing no photosynthesis ability. However, they swam 
actively in the seawater. These indicate that the cells might be in heterotrophic 
nutrition mode as already proposed in Chapter 3-2-. After addition of the 
cyanobacteria and the cryptomonad to these cells, volumes of the plastid in the 
cells dramatically increased. And the morphologies ofthe plastid varied 
depend on addition of the microalgal types ; it changed to filamentous-like when 
adding the cyanobacteria and to granular when adding the cryptomonad. These 
change of the volumes and morphology of the plastid should be due to the 
differences of the incubation condition; meaning the difference of the addition of 
the microalgae. In another word, D. fortii takes up these microalgae 
phagotrophycaily as shown in the result described in Chapter 3-2-2. These are 
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also indicated by the results on immunolabeling of anti-phycoerythrin antibodies 
to the D. fortii sections . In this result, while both anti-SPE and anti-PPE 
antibodies did not react to the sections ofD. fortii incubated without the addition 
of the microalgae, anti-SPE antibody reacted only to the cell incubated with the 
cyanobacteria and anti-PPE antibody did only to that with the cryptomonad. 
These mean each phycoerythrin was taken up to D. fortii when incubated 
together. Vesk etal (1996) observed that antibody raised against cryptomonad 
phycoerythrin reacted to thlakoikds of wild D. acuminata and D, fortii under 
transmission electron microscope. In our study, no reaction between anti-PPE 
antibody and the section ofD. fortii at the initial ofthe incubation. This should 
be because that the cells collected at Mustu Bay had less plastid and the reacted 
antibody was less than the detection level. 
D. fortii after the incubation with the cyanobacteria or the cryptomonad 
was proved to gain photosynthetic ability. This aiong with the results ofthe 
above strongly suggests that D. fortii obtains its photosynthesis ability by uptake 
ofthese phycobilin containing microalgae. This would introduce one of the 
answers for the origin of phycobilin, and the acquisition of the photosynthesis 
ability in D. fortii cell that are long discussed. 
From our results, other questions arise. The plastids of the phototrophic 
Dinophysis spp. were already confirmed to be cryptophycean type ; double 
thylakoid and double membrane bounded (Hailegraeff and Lucas, 1 988; Lucas 
and Vesk, 1 990; Schneph and Elbrachter, 1988; In ihis study). However, no 
remnant of other organelle of cryptomonad other than the plastid has been found 
yet. How D. fortii selectively takes up the plastid? One of the answers would 
be "myzocyiosis" (Schneph 1 992). In this digestion mechanism, organism 
takes up the contents ofprey cell. Possibility ofthis digestion mechanism on D. 
fortii is already supposed in Chapter 3-2-2. IfD. fortii takes up cryptomonad 
cell in this way, it possibly digests other organelle other than the plastid outside 
the cell. Another possible mechanism would be digestion within the D. fortii 
cell after it phagotrophycally takes up whole cryptomonad cell. Stoecker et al 
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(1988) and Stoecker and Silva (1990) reported that certain species of the ciliates, 
Strombidium capitatum and Laboea srtobila, selectively retained microalgai 
plastid and digested other organelle. Also in other dinoflagellates, 
Gymnodintum aeruginosum (Schnepf et al. 1 989) and Pfiesteriapicicida 
(Lewitus et al. 1 999) were reported to retain cryptomonad plastid selectively 
after taking up it. Whichever in any mechanisms, there must be selective 
digestion mechanism for plastid retention on these organisms including D. fortii. 
Another question is concerning to the contribution of the cyanobacteria. 
In spite our result that indicates also uptake of cyanobacteria contributes to the 
photosynthesis of D. fortii, there have been no report on the cyanobacterial 
retention in Dinophysis cell nor the existence of cyanobacterial like plastid 
(single thylakoid) , In our study, we did not observe the cell under TEM, and so 
clear discussion could not be made. Still, it is suspected that D. fortii acqujrred 
only thylakoid membrane ftom the cyanobacteriai cell, because the plastid ofD. 
fortii cell after incubating with the cyanobacteria did not seem to be shape of the 
cell cluster of the cyanobacteriai cell but filamentous . This hypothesis may be 
hardly believed in this state. Further electron microscopical study on the cell 
structure after the incubation will be required. 
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Fig. I . Plastid condition ofD. fortii at the initial state of the incubation 
experiment. upper; Iight mierographs, Iower; epi-fluorescence 
micrographs with blue light excitation. 
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Fig. 2. Plastid condition ofD. fortii after the two weeks incubation 
without addition of microalgae. upper; Iight micrographs, Iower; 
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Fig. 3 . Plastid condition ofD. fortii after the two weeks incubation 
with addition ofPlagioselmis sp. upper; Iight micrographs, Iower; 
epi-fluorescence micrographs with blue light excitation. 
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Fig. 4. Plastid condition ofD. fortii after the two weeks incubation 
with addition of synechococcoid cyanobacteria. upper; Iight 
micrographs, Iower; epi-fluorescence micrographs with blue light 
excitation. 
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Fig. 5. Antibodies reaction against purified phycoerythrin from Plagioselmis 
sp. and synechococcoid cyanobacteria by ouchterlony method . 
1 ; Phycoerythrin from synechococcoid cyanobacteria. 2; Phycoerythrin 
from Plagioselmis sp. a; Anti- synechococcoid cyanobacteria phycoerythrin 
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4. Toxin production ofDinophysis species 
4.1 . Seasonal variation of okadaic acid and dinophysistoxin-1 in 
Dinophysis spp. in association with the toxicity of scallop 
DSP is a type of shellfish poisoning that was flfSt reeognized aiong the Sanriku 
coast, northern Japan by Yasumoto et al. (1978). The causative organisms 
were identified as dinoflagellates belonging the genus Dinophysis (Yasumoto et 
al., 1980), and D. fortii and D, acuminata have been reported to be causative 
species which made bivaives toxic (Fukuyo, 1985). These facts are supported 
by an intensive monitoring survey conducted by the Prefecturai Government on 
the distribution and abundance of these dinoflagellate species in association with 
bivalve toxicity. However, it is often pointed out that the change of bivaive 
toxicity is not always parallel to that of the abundance of causative 
dinoflagellates (M:arcaillou-Le Baut and Masselin, 1 990; Sampayo et al., 1990; 
Sato et al., 1994). in the most extreme case, bivalve toxicity increases despite 
an absence of any causati¥'e Dinophysis species (Marcaillou-Le Baut and 
Masselin, 1990; Sato et al., 1994). These findings suggest the occurrence of 
another unidentified source of the DSP toxins. On the other hand, bivalve 
toxicity is usually tested by mouse bioassay (Yasumoto, 1991), and although 
well standardized, the mouse assay can not distinguish DSP toxins from other 
toxic compounds lethai to mice. Recently, chemicai or biochemicai methods to 
analyze OA have been established (Lee et al., 1 987; Uda et aJ., 1 989). In the 
present study, we monitored the abundance ofDinophysis spp . in association 
with the scallop toxicity as measured by chemical and biochemical methods . 
The toxin content ofthe Dinophysis species was also monitored by the same 
methods. We report here that toxic Dinophysis species appear to possess an 
additionai unknown compound which may contribute to bivaive toxicity. 
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Materials and methods 
Materials 
Non-toxic specimens of scailop Patinopecten yessoensis were transplanted to 
the monitoring station (Shizu St., 24 m depth) in Ofunato Bay (Ogata et a/., 
1 987) on March, 1 994. Scailops were held at -10 m from a float set at the 
station. Five scallops were collected every week from April 1 994 to January 
1995. At the same time and location, verticai net hauling samples were 
collected ftom a depth of 20 m using a 20 um net. For cell counts of 
Dinophysis spp., seawater samples (500 ml) were collected at 2 m depth 
intervals from a depth of22 m. The abundance ofcells was expressed as the 
average of the cell density (cells'L~1) from the 12 collection intervals. 
Extraction ofScallop 
A portion of homogenate ( I g) prepared from the digestive glands of 5 scailop 
specimens was blended with 80 o/o methanol (4 ml) and centrifuged. A portion 
(2.5 ml) ofthe supernatant was extracted twice with the equai volume of 
dichloromethane. The dichloromethane layers were combined and evaporated 
to dryness. The fat-soluble extract was dissolved in O.2 N NaOH in 90 o/o 
methanol (1 ml) and refluxed at 60 'C for lh. After cooling and addition of 1 
N HCI (O . 2 ml), the extraet was defatted twice with hexane, and then extracted 
twice with dichloromethane. DSP toxins in the dichloromethane extract were 
anaiyzed by HPLC according to Lee et aJ. (1987) and ELISA kits, DSP-check 
(Panaphann laboratories). 
Extraction ofDinophysis spp. 
More than 200 cells of D. fortii and D. acuminata were picked up by capillary 
method under microscope from net samples. Isolated cells were sonicated in 
80 o/o methanol (2 ml) for I min. After addition ofwater ( I ml), toxins in the 
homogenate were extracted twice with dichloromethane. The organic extracts 
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were dried in vacuo after removal ofinsoluble material by filtration. One half 
portion of the extract was treated with O. I o/o ADAM/methanol ( I OO u1) for 
HPLC. Another haif was dissolved in 45 o/o methanol (100 u1) for ELISA 
analysis. 
Results and Discussion 
Fig. I shows the seasonal variation of the abundance of D. fortii and D. 
acuminata from April 1994 to January 1995 in Ofunato Bay. D. acuminata 
appeared in April and reached a maximum density of 193 cells'L~1 on May 5, 
and fell sharply, with a slight increase around the middle of June, after which a 
low density (1 to 2 cells'L~1) of D. acuminata was maintained until September. 
D. fortii appeared on June 8 (63 cells'L~1), but declined quickly, then increased 
again from mid-July and showed the maximum abundance of 73 cells'L~ I on 
August 24, before disappearing in mid- October. The occurrence and 
abundance ofD. fortii and D. acuminata in Ofunato Bay in 1 994 was typical of 
previous years . 
Fig.2 shows the seasonal variation ofscallop toxicity. Toxicity values 
obtained from HPLC analysis were similar to those ftom ELISA using 
anti-okadaic acid antibody. The pattem of scallop toxicity fluctuated, showing 
3 peaks during May and mid-September when D. fortii or D. acuminata were 
observed in the seawater. The highest toxicity of 0.7 ug'g~1 was observed on 
June 22. There was always a lag time of I to 3 weeks between scallop toxicity 
and abundance ofDinophysis spp. However, no significant increase of scallop 
toxicity was observed during an absence ofDinophysis spp. Only OA was 
detected by HPLC analysis of scallops and a few exceptional cases contained a 
small amount ofDTX-1. DTX-3, the acyl derivative ofDTX-1, is a common 
toxin component ofthe scallop in Ofuilato Bay, was not detected in 1 994, 
showing that the toxin profile ofthe scailop can vary year to year. Scallops in 
Ofunato Bay become toxic almost every year following the appearance of 
Dinophysis spp. Toxicity levels of more than 30 ug'g~1 of digestive gland have 
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been recorded (Sato et al., 1994). In contrast in 1 994, the toxicity values 
recorded were relatively lower than usual, though the abundance of Dinophysis 
spp. was about the same as previous years. 
Fig. 3 shows the seasonal change oftoxin content of natural D, fortii 
cells. Toxicity values by HPLC analysis were similar to those obtained from 
ELISA, with the exception of the data obtained in August. The toxin content 
of the cell varies considerably from N.D. (<2 pg'cell~1) to 57.7 pg'cell~1. 
Interestingly, no toxin was detected when D. fortii. was present at higher 
densities (>c.a.30 cells'L~1) while D. fortii cells present at low density contained 
higher amounts of DSP toxin. Same kind of phenomenon was also observed 
for D. acuminata, that is, no toxin was detected at its occurrence peak ofMay 5 
(Fig. 4). 
The OA content of natural D. fortii cells by HPLC anaiysis ranged from 
N.D. to 57,7 pg'cell~1, while DTX-1 content ranged from ND to 16 pg'cell~l 
indicating that OA was dominant in D. fortii from Ofunato Bay during 1994. 
Lee et al. (1989) reported that DTX-1 was dominant in natural D. fortii cells 
isolated from Mutsu Bay, Aomori Prefecture. We found sirnilar results for D. 
fortii cells isolated from Ofunato Bay in 1 992 (unpublished data). In contrast, 
DTX-1 was dominant in D. acuminata isolated in May and June (Fig. 4). From 
the few data available on the toxin profile of Dinophysis spp. (Lee et al., 1989; 
Kumagai et al., 1986; Murakami et aJ., 1982), main toxin component ofD. 
acuminata is considered to be OA (Lee et al., 1989; Murakami et al., 1 982). 
Available data also suggest that toxin content of D. acum inata is lower than that 
ofD. fortii, at least in Japan (Lee et al., 1 989). Therefore, the profile on the 
toxin of both species ofDinophysis occurred in Ofunato Bay in 1994 seems to 
be unusual, and the unusuai toxicity of scailop described above, reflects the 
unusual toxin profile of these species. 
In the plankton samples, several species of other Dinophysis such as D. 
rudgei, D. norvegica, D. infundibulus and D. odiosa were observed. Despite 
the effort to collect their cells, cell density of these species was too low to 
121 
collect enough cells for analysis. Only D. rudgei could be examined for DSP 
toxins, and the ELISA method indicated the toxins were present at a level of 
20.3 pg'cell~1. There is some data showing that the toxicity of other species is 
10wer than D. fortii and D. acuminata (Lee et al., 1989), and this together with 
the low density ofthese other species in the environment suggest that only D. 
fortii and D. acuminata are involved in scallop toxicity in Oftinato Bay. 
As mentioned above, no significant difference was observed usuaily 
between toxicity values anaiyzed by HPLC and ELISA. However, a large 
difference was observed between the toxicity vaiues of both Dinophysis 
collected in August. In this case, toxicity values analyzed by ELISA were 
aiways much larger than those by HPLC, In the extreme cases, ELISA showed 
high toxin level whereas no toxin was detected in the same sample. These 
results suggest the occurrence of an unknown OA-related compound which 
cross-reacts with the antibody against OA. Recently, Hu et al. (1995) reported 
a water-soluble novel OA derivative, DTX-4, in the cultures of Prorocentrum 
lima, an OA-producing benthic species. The unknown OA-related compound 
in the present study seems to be different from DTX-4, because it appears to be 
a lipid-soluble compound. This compound might be also a source of OA or its 
derivatives in scallop . 
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Fig. 2. Toxicity of scallop digestive gland. 
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Fig. 3. Seasnal variation ofDSP in D. fortii cell 
Bar: Analyzed by HPLC 
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4. Toxin production of Dinophysis species 
4.2. Cellular localization of toxin-related substances 
in four DSP-producing dinoflagellates. 
Okadaic acid (OA) and dinophysistoxins (DTX'S) are causative toxins of 
dirthetic shellfish poisoning (D SP) and are known to perfonn as an inhibitor of 
cellular protein phosphatase (Biaiojanand Takai 1988). These toxins were 
proved to be contained in Dinophysisfortii which is responsible for DSP incident 
in Japan (Yasumoto et aJ., 1 900), and subsequent confinnations ofthe toxin in 
other Dinophysis, such as D. acuminata, D. norvegica. D. acuta, D. tripos, were 
reported (Lee et al. 1 989). Some kinds ofbenthic Prorocentrum, such as P. 
lima, P. maculosum. P. hoffinanianum have aiso been listed to DSP toxin 
producers though there are no clear relation to the occurrence of DSP incident. 
For contending with shellfish poisoning incident effectively, 
understanding of the toxin production mechanism in causative organism cell is 
also indispensable. Still there are no answer for that ofDSP toxin in the 
causative dinoflagellates cell as in the case of other shellfish poisoning. But the 
situation of trial for the quest is more severe than the other because the main DSP 
causative ones, all ofDinophysis, are not succeeded to be cultured. Thus, 
experiments conceming on DSP toxin production were limited within those by 
Prorocentrum spp. Aikman et al. (1993) reported that increase ofOA in P. 
hoffinanianum is linear to its chlorophyll and lipid amount, and considered the 
toxin was resulted from photosynthesis. Their explanation was supported by 
followed observation by Zhou and Fritz in 1 994. They observed thin section of 
P . Iima and P. maculosum cell treated with anti-OA antibody under transmission 
electron microscope (TEM) and recognized that reaction site of the antibody was 
mainly restricted in chloroplasts and pyrenoids, then concluded OA production 
site was there. Their result was the first triai ofDSP toxin localization in the 
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dinoflagellate. However. Doucett et al. reported that the fixation and 
dehydration protocols used in their study, that is, fixed by aldehyde and 
dehydrated in ethanol, would release all lipid-soluble DSP toxins outside ofthe 
cell. They concluded that fixation for OA or DTXS in the cell require freeze-
substitution method. However, in another aspect, the result by Zhou and Fritz 
indicates the cell has a substance that reacts to the antibody and could be fixed in 
aldehyde, and that kind of substance is produced in the chloroplast. Ifthis true, 
existence ofthis kind ofsubstance will be very interesting. We previously 
reported that Dinophysis have a substance that reacts to anti-OA antibody other 
than OA or DTXS (Sato et al., 1 996). Still we could not conclude what this 
substance is, but there would be possibility that aiso Dinophysis have same kind 
of substance as in the case in Prorocentrum even if the adaptation of the result of 
Zhou and Fritz to Dinophysis could be difficult because the nutrition forms of 
each other are totaily different. 
In an aim for discussing about DSP toxin production mechanism on 
Dinophysis spp . , we here reported cellular localization of substance reacting to 
anti- OA antibody (abbreviated as OARS) in photosynthetic species of 
Dinophysis (D. fortii and D. tripos), non-photosynthetic one (D. mitra) and 
Prorocentrum lima as an experimental control, using same procedure of Zhou 
and Fritz, that is, irnmun0-1abeling by using anti-OA antibody. Characters of 
cell organelle of the species were aiso discussing together. 
Materials and methods 
Wild cells ofDinophysis spp. and culture of Prorocentrum lima (970AK-PLl; 
isolated from Okinawa, Japan) were used for the observation. Approximately 
each I OO cells ofD. fortii, D. tripos and D. mitra were isolated by capillary 
method firom plankton net sample collected at Okkirai bay. 
For ordinary TEM observation ofthe cells, wild Dinophysis cells and P. 
lima culture were fixed in 2.50/0 glutaraldehyde in O. IM cacodylate buffer (pH 
128 
7.2) containing 0.1Msucrose for one night at 4'C. After washing 3 times with 
the same buffer without fixative by centrifugation (2,000 rpm, I Omin.), the cells 
were post fixed in lo/o Os04 solution for 2 h at 4'C. The cells after 3 times 
washing in the buffer without sucrose were embedded in 20/0 wann agarose in 
microtube. Before solidification of the agarose, the microtubes were 
centrifuged (3,000 rpm, I Omin) and the cells were collected at the tip of the tube. 
The samples were dehydrated through a graded series of ethanol (50, 70, 90, 95 x 
2, I OOo/o x 2), replaced with propyrene oxide and finaily embedded in Spurr's 
resign (Spurr, 1 969). Resign polymerization was at 65'C for 12h. The samples 
were sectioned with a diamond knife on LKB 8 800 Ultramicrotome and sections 
were collected on Formvar-coated Cu grids . The sections were stained with 
saturated uranyl acetate and lead citrate for 1 5 min and 2min respectively. 
For immuno-labeling, isolated cells were fixed in 20/0 Parafonnaidehyde, 
0.250/0 glutaraldehyde in O, IM cacodylate buffer (pH 7.2) containing O. IM 
sucrose for I h at 4'C. After 3 times washing in the same buffer (without 
fixative) with decreasing concentration of sucrose, the cell were embedded in 
warm agarose in the same manner ofthe above and dehydrated through a graded 
series of ethanol (50, 70, 90010), then embedded in LR white resign (London 
Resign Co.). Resign polymerization was done at 50'C for 24h. The samples 
were sectioned by the same manner and collected on Formvar-coated Ni grids. 
The sections were treated with irnmun0-1abeling as following. These were 
blocked in lOmM phosphate buffer saline (pH 8.2) with 60/0 bovine serum 
albumin (BSA), O. Io/o Tween 20 and O. Io/o sodium azide for 90 min, and washed 
in the same buffer with decreasing the concentration ofBSA to lo/o (5 min, 3 
times). Then the sections were incubated in 0.38mg mL~1 of anti-OA 
monoclonal antibody (Panafarm Laboratory Co.) in the same washing buffer for 
1 h. at room temperature . At this time, negative control experiments were run 
by incubating the sections in the same washing buffer containing nonnal mouse 
serum (0.38 mg inL~1 for protein concentration) or 50/0 BSA instead of the 
antibody. After washing in the washing buffer (4 min, 5 times), the sections 
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were treated with I : I OO diluted Protein-A conjugated colloidal gold (15 nm, 
British Biocell International Co.) with the washing buffer for I h at room 
temperature, then washed in the buffer (4 min, 5 times ) and ruming distilled 
water. The sections were stained with saturated uranyl acetate and lead citrate 
for 5 min and I min respectively. 
For further negative control, A Iexandrium tamarense culture (OF875-17) 
was sampled and treated through the same procedure described above, 
The sections thus obtained for both ordinary and immuno-labeling TEM 
were observed under JEOL JEM-1 OOS transmission electron microscope 
operating at 80 kV. 
Results 
P. Iima 
Chloroplasts lied along the cell periphery just inside the outer wall (Fig. 1). 
Simple internal pyrenoids was often seen between lamellae (Fig. I , 4), and two 
large spherical pyrenoids extruded toward the cell center were also seen (Fig. I ) 
Result of immuno-labeling showed colloidal gold particles attached to 
internal region of small vesicles attached to the chloroplasts (Figs. 2, 3). 
Electron densities of these vesicles were similar to those of the pyrenoid, though 
they were seems to be extruded from outer of chloroplast membrane, so we do 
not thnk these were the pyrenoids. Less sparse labeling was aiso occurred on 
the chloroplast lamella and on the internal pyrenoid (Fig 4). No labeling was 
observed at nucleus and other cyioplasmic organelle. Sparse labeling ofthe 
particles were regarded to the cell wall, though, this was also observed in control 
sections which treated with BSA or normai antiserum instead of the antibody, so 
this localization was judged as non-specific one. Except for the labeling on the 




The cell possessed cytostome which had opening at the dorsal side ofthe cell (Fig. 
5). Chloroplasts which were closely resemble to cryptophycean one for its 
terminal pyrenoid and two layered thylakoid were randomly situated in the 
cytoplasm (Fig. 5). 
Result of immun0-1abeling showed that gold particles distributed on 
particular regions of the cyioplasmic matrix (cytoskelton?), which gave definite 
electron densities but not surrounded by any membranous material (Fig. 6) 
Densities ofthe labeling was less lower than any other species examined. No 
labeling was recognized in the organelle including chloroplast, nucleus, 
rhabdosome which was densely immersed in the cyioplasmic matrix, nor in 
control sections of the treatnent with B SA and normai mouse antiserum instead 
of the antibody.. 
D. tripos 
A simple pusule system which had opening at dorsal part of the cell was 
observed (Fig. 7). Chloroplasts consisting oftwo layered lamella were rather 
small, irregular shaped and had tenninal pyrenoid. Unexpectedly, this species 
had food vacuoles (Fig.7, 8), though, we could not suspect origin of the content. 
Rhabdosomes were randomly arranged in cytoplasm. 
Result of immuno-labeling showed that dense gold particles distributed 
on certain electron dense materials (Fig. 9) and on fibrous cyioskelton which 
gave definite electron density (Figs. 10). Densities of the particles was much 
higher than any other species examined. Other organelle, including 
chloroplast(Fig. 1 1 ), nucleus, food vacuole did not show any adhesion ofthe gold 
particles). No labeling was recognized in negative control sections. 
D. mitra 
Many food vacuoles containing various particles, para-crystalline vesicles or 
nucleus like organelle, were arranged as surrounding a nucleus and a large Golgi 
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body at the center ofthe cell (Fig. 12) . We could not suspect origin of the 
eontent of the food vacuoles. At the marginal area of the cell, small chloroplasts 
were observed unexpectedly. This chloroplast had three layered lamella but no 
girdle lamella. A spherical internal pyrenoid but no other components such as 
plastglobule or eye-spot was seen in the chloroplast (Fig. 1 3). Seemingly, a 
single membrane covered at least two chloroplasts in a pack. Severai clustered 
rhabdosome run on the cyioplasm. 
Result of irnmun0-1abeling showed that gold particles distributed on 
electron dense vesicle which located just beneath the cell wall (Fig. 14, 15) and 
on surrounding cyioplasmic matrix. When the concentration of the antibody 
increased from 0.38mg niL~1 to 0.76mg mL~1, gold particles began to adhere also 
to cytoplasmic matrix (cyioskelton?)which gave definite electron density, In 
both concentration of the antibody, any adhesion of the particles was observed on 
the nucleus, the food vacuoles, rhabdosome, nor the chloroplast (fig. 1 6), 
Although less sparse gold particles were observed to distribute in cyioplasm on 
the control section which used normal mouse serum instead of the antibody, this 
distribution was unifonn and less sparse, so it could not disturb judgnent for 
above localization of the gold particles as a specific one. 
No labeling was observed on the section ofAlexandrium tamarense. 
Discussion 
Above results ofthe irnmuno-labeling are specific ones because of the no 
background labeling and sparse labeling on the negative control. 
In P. Iima, OARS was indicated to present mainly in the vesicle attached 
to the chloroplast, and in the pyrenoid and the lamella though the concentrations 
in the later two parts were much lower than in the vesicle. What is this vesicle 
and is function ? It could be considered to relate to photosynthesis because it 
always attached to the chloroplast. If this so, our result partiaily trace the 
conclusion ofZhou and Fritz (1994), that is, the substance was either synthesized 
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within chloroplast or stored therein. This is also supported by our result that the 
substance, even if it was very low concentration, was aiso detected within the 
chloroplast itself. No specific labeling was observed in other organelle and 
cytoplasm, nor in accumulation body (PAS body) in spite that Zhou and Fritz 
(1994) reported that labeling for OARS was observed in PAS body. 
This configuration of OARS in P. Iima cell could not be adapted to 
Dinophysis. No OARS was detected on chloroplast and surrounding organelle 
ofD. fortii and D. tripos. Although it had been considered that D. mitra is 
heterotrophic one (Lessard and Swift, 1986), we found small chloroplasts in ihe 
cell, but did not OARS existence in there. Chloroplasts ofD, fortii and D. 
m itra are the same to cryptophycean one as previously shown by many authors (e. 
g. Hallegraeff and Lucas 1 988), consequently it could be regarded as originating 
ftom cryptophyceae, even ifthere are still arguments for its acquisition. That of 
D. m itra is sirnilar to haptophycean one, and is considered to be derived from the 
temporary taken cell. Thus, all the chloroplasts in Dinophysis spp , exarnined in 
this study are extraneous and much different from that of P, Iima for the origin. 
Moreover, because there are no labeling on the food vacuoles of D. tripos and D. 
mitra, and neither on pusule system ofD. tripos and D, fortii which is explained 
to relate to uptake of extraneous substance, OARS itself could not be considered 
to be derived from taken organism, 
In D. tripos and D. mitra, OARS existed in electron dense vesicles. 
Their function is not known but seems to be different from those in P. Iima 
because it never attach to the chloroplast as in the case of P. Iima. Also in D. 
tripos and D. mitra and mainly in D, fortii, OARS existed in certain cytoplasmic 
area which were composed by fibrous materials, and gave definite electron 
densines possibly termed to "cyioskelton". From these, OARS seems to be 
some protein conjugated substance because it was certainly fixed by the aldehyde 
and was not erased out during the dehydration process. These configurations of 
OARS were not observed in P. Iima. Why there is such differences of OARS 
10cality between Dinophysis spp. and P . Jima ? Although it never be out of 
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speculation, the differences of OARS Iocality would accrue from the differences 
of part of the production mechanisms which would closely link to nutrition 
system, that is, phototrophy on P . Iima and heterotrophy on Dinophysis spp. If 
this is true, although we already supposed that OARS itself is not derived 
extraneously, possibility of extraneous acquisition of OARS precursor by 
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Figs. 1-4. Transmission electron micrographs ofProrocentrum lima. 
Fig. I . Transverse section ofthe cell showing peripherally arranged chloroplasts (arrows), nucleus(n) 
and two pyrenoids (arrow heads). Fig. 2. Immunogold labeling (black dots) within a globule attaching 
to the chloroplast. Fig. 3. Same as fig. 2. Fig. 4. Typical internal pyrenoid in the thylakoid membrane. 
No labeling is observed in this region. 
Figs. 5-6. Transmission electron micrographs ofDinophysisfortii. 
Fig. 5. Transverse section ofthe cell showing nucleus (n) and chloroplasts (arrows). Opening of 
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Figs. 7- 1 1 . Transmission electron micrographs of Dinophysis tripos. 
Fig. 7. Transverse section of the cell showing chloroplasts (arrows), nucleus(n) and pusule systems 
(ps). Food vacuoles (tv) are seen. Fig. 8. Close up ofthe food vacuole. Fig. 9. Immunogold 
labeling (black dots) on certain electron dense material in the cyioplasm. Fig. I O. Same as previous 
































Figs. 12-16. Transmission electron micrographs ofDinophysis mitra. 
Fig. 1 2. Transverse section of the cell showing large numbers of food vacuoles (arrows), 
nucleus(n) and golgi body (g).. Fig. 1 3. Captured chloroplast (kleptoplast). Fig. 14. Immunogold 
labeling (black dots) on electron dense vesicle beneath the cell wall. Fig. 1 5. Same as previous 




lh the present study, results oftwo main parts were described. First part was 
conceming to benthic Prorocentrum and the second was to Dinophysis spp . 
Although they produce same toxin, their eco-physiological characters and the 
way of the implication to the poisonings are totally different from each other. 
Nevenheless, they have interosculation in a meaning of that their toxin products 
cause human poisoning and much of their eco-physiologies are still unknown. 
From the results of field survey in Akajima Island, Okinawa, abundant 
distributions ofbenthic Prorocentrum were found. They accounted for more 
than 50 o/o of totai appeared benthic dinoflagellates on the all examined 
macroalgae. Occurrence of Gambierdiscus toxicus, a main causative of 
ciguatera fish poisoning, was low. It might be suspected that species 
competition between benthic Prorocentrum and G. toxicus in the benthic 
microaigai community led such low density of G. toxicus. On the other hand, 
Okinawa clone of P. Iima was confirmed to be toxic, and the production of the 
toxin analogues in other benthic Prorocentrum were supposed. If they occur 
densely in the benthic community as in the case of Akaj ima, their toxins should 
be transferred to human via food web, We should pay our attention aiso to 
their occurrences. Their basic growth characters and the receiving of growth 
promoting substances from their host macroaiga were elucidated by the culture 
experiments conducted on the dominant four species of benthic Prorocentrum 
occurred in Akaj ima Island, Their growths were promoted dramaticaily with 
adding exudates from certain macroalgae. On the other hand, they were not 
promoted when adding the exudate of Turhinaria ornata which suffers much 
aohesion ofbenthic Prorocentrum. With the result from the light experiment 
on the growth of these Prorocentrum, their adhesion on the macroaigae are 
thought be beneficial not only for receiving growth promoting substances but 
also having meanings of physicai protection from the strong light. In any cases, 
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they ably utilize macroalga as an adhesion substance, thus, expansion of the 
surface where macroaigae can grow surely increase these toxic benthic 
Prorocentrum . In this meaning, we should use our exertion for conservation of 
coral. 
In Part 1-5, occurrence of toxic Prorocentrum lima which adapt the 
colder environment was found in Sanriku coast. In spite that P Iima is a 
cosmopolitan species and confirmed to produce DSP toxins, it had not been 
considered to be associated with DSP. However, DSP toxin-producing P. Iima 
has recently been found in the net hauling samples collected at the cold water 
region ofNova Scotia~ Canada, and is suspected to be involved in DSP toxins in 
the shellfish (Marr et al., 1992). Iil Spain, P. Iima is also believed to be a 
source ofDSP toxins in bivaives, and shellfish harvesting is restricted when this 
species is assumed to be present (Shumway, 1 990). In Sanrikuarea, its high 
density and planktonic occurrence have not been detected so far. But its 
occurrence could not be negligible for discussing DSP aiso in Japan. 
In studies on Dinophysisfortii, the experiments were conducted on basis of 
a hypothesis that D. fortii temporaily acquires plastid or photosynthetic pignlent 
ftom cyanobacteria and cryptomonad. Some ofthem are now certified. This 
study also provide another aspect of the nutrition of D. fortii other than 
phototrophy; heterotrophy by an uptake of the prey. Field observation was also 
conducted with consideration of above nutrition mechanisms of D. fortii, and its 
growth in the field was imaged. From these, D, fortii is frrst introduced from 
offshore water to the bay by internal waves and suspected to switch its 
nutritionai mode depend on the surrounding enviroument; when it is in the water 
where cyanobacteria or cryptomonad are rich, it acquires them and 
photosynthesizes, and when environment changes to be suitable for heterotrophy, 
it preys on other organism. Culturing ofDinophysis will be succeeded by 
careful elucidations for these each factors . Still, there are many questions . 
What is the factor which lead the frrst occurrence of D. fortii in the offshore? 
What is the mechanism of digesting the cryptomonad retaining only the plastid? 
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In spite tha.t D. fortii takes up cyanobacterial cell and utilize it for photosynthesis, 
how it is configured in the cytoplasm ofD, fortii? What is the trigger for 
switching the nutrition? For the quest of its occurrence origination in the 
offshore regions, on- shipboard tracking of D. fortii occurrence, measuring the 
related enviroumental factors and observing the nutritional state of the cell in all 
together are probably most effective ways. For more precise mechanism ofthe 
plastid accumulation, the related enzyme systems and the controlling gene will 
be frrst detected and then ultra-high sensitive method for measuring them should 
be developed unless the culture will be obtained. Transmission electron 
microscopicai observation is also essential. However, there are still many 
difficulties in the methods for conducting on wild smail number cell. Even 
though these difficulties will be solved, period of the occurrence is too short to 
conduct these in a same time by small group . I would like to emphasize the 
necessity of research by extensive groups. 
Not only for the importance on fisheries, the temporai acquisition of the 
plastid by D. fortii is interesting for philosophy ofplant evolution. Origin of 
the plastid or the chloroplast of the higher plant is now considered to be 
evolutionally derived from acquired or symbiotic prokaryotic or eukaryotic 
microaigae in animal cell. D. fortii may show us its evolution from animal to 
plant. 
In this study, toxin production mechanisms of both Prorocentrum and 
Dinophysis spp. were partially discussed. Quest ofthe mechanism have not 
progressed so far because ofthe methodological limitation. Because no culture 
materials of Dinophysis have been available, this kind of study has been 
conducted on only Prorocentrum cell. But the application of the results 
obtained from Prorocentrum cell to Dinophysis would be limited because of the 
total differences ofthe cell physiology. In addition, current methods for 
analyzing DSP-toxins by mouse bioassay and HPLC method can only detect 
certain components of the toxins. There are several derivatives of DSP-toxins 
and the variations ofthe toxicities. For example, ester derivatives of DSP-
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toxin could not be detected because they lost the fuilctional group for 
fluorescence derivatization for HPLC and lost the toxicity for bioassay. 
However, detections of only certain state of the toxins being processed in 
metabolic or catabolic pathways are not sufficient in an aim for understanding of 
toxin production mechanism. In this point, importance of a detection method 
using specific antibody which bind to basic skeleton ofDSP-toxins such as 
ELISA will be getting increase. This kind ofmethod is aiso beneficial for its 
great sensitivity. Moreover, antibody method can be applied to immuno-
locaiization or quantification of the toxins or the toxin derivatives in the cell if 
the fixation methods ofthese substances are carefully chosen. 
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